Fibre Utilization By Ruminants by Natsir, Asmuddin
iFIBRE UTILIZATION
BY RUMINANTS
ii
Sanksi Pelanggaran Hak Cipta
Undang-undang Republik Indonesia No. 19 Tahun 2002 tentang Hak Cipta
Lingkup Hak Cipta
Pasal 2:
1. Hak Cipta merupakan hak eksklusif bagi pencipta dan pemegang Hak
Cipta untuk mengumumkan atau memperbanyak ciptaannya, yang timbul
secara otomatis setelah suatu ciptaan dilahirkan tanpa mengurangi
pembatasan menurut peraturan perundang-undangan yang berlaku.
Ketentuan Pidana
Pasal 72:
1. Barang siapa dengan sengaja atau tanpa hak melakukan perbuatan
sebagaimana dimaksud dalam pasal 2 ayat (1) atau pasal 49 ayat (1) dan
(2) dipidana dengan pidana penjara masing-masing paling singkat 1 (satu)
bulan dan/atau denda paling sedikit Rp 1.000.000,00 (satu juta rupiah),
atau pidana penjara paling lama 7 (tujuh) tahun dan/atau denda paling
banyak Rp 5.000.000.000,00 (lima milyar rupiah).
2. Barang siapa dengan sengaja menyiarkan, memamerkan mengedarkan,
atau menjual kepada umum suatu ciptaan atau barang hasil pelanggaran
Hak Cipta atau Hak Terkait sebagaimana dimaksud dalam ayat (1) dipidana
dengan pidana penjara paling lama 5 (lima) tahun dan/atau denda paling
banyak Rp 500.000.000,00 (lima ratus juta rupiah).
iii
FIBRE UTILIZATION
BY RUMINANTS
ASMUDDIN NATSIR
Penerbit:
MASAGENA PRESS
iv
FIBRE UTILIZATION
BY RUMINANTS
Copyright © 2012 Masagena Press Makassar
Author
Asmuddin Natsir
Cover Design
Narto Anjala
Lay Out
Amiruddin Dadi
Penerbit:
Masagena Press
Jl. Tamalate 2 No. 101, Kassi-kassi, Makassar 90222
Telp: 0411 - 552994 Fax: 0411 - 552994
Email: masagenapress@gmail.com
Anggota IKAPI
Katalog Dalam Terbitan (KDT)
xx + 222 hlm. ; 14,7 x 21 cm
ISBN 978-602-9023-30-5
vPREFACE
The book entitle Fibre Utilization by Ruminants contains
information generated from an aggregate experiments carried
out in Melbourne, Australia by the author during his Ph.D
program at Melbourne University. Information presented in
this book is a part of his Ph.D dissertation.
The book is written to targetting those who are interested
in utilizing agricultural by product such various types of straw
as rice straw, corn stover, barley straw, oat straw, and other
fibrous materials as a fibre source in ruminnt feeding system.
This information may enable the nutritionists, feed
manufacturers, and farmers to formulate rations that could
optimize utilization of fibre in ruminant diets. This book is also
containing useful information for the students, either
undergraduate or postgraduate, as a reference for their paper,
thesis or dissertation, and for practicioners and policy makers
as information in constructing policy or regulation for
ruminant development in Indonesia.
vi
This book consists of  seven chapters, the first chapter gives
general introduction about the fibre. The second chapter gives
an overview of the important of fibre and factors affecting its
utilization by ruminants. It also contains information regarding
methods to improve quality of fibre sources as well as methods
in analyzing nutrient contents of fibre sources. Chapter 3
through Chapter 6 contain information obtained from a series
of experiments related to fibre utilizaion by ruminant. The
experiments were designed to identify the most beneficial
conditions afforded by diets, feeding management and
processing. In the last chapter (Chapter 7), general discussion
and recommendation is presented in an integrated manner.
The author look forward to having this book may
contribute on enrichment the development of science and
technology in the ruminant nutrition field. Finally, the author
is very aware that the content of this book is far from perfect.
Therefore constructive suggestion and idea to improve the
messages of this book is warmly welcome.
Makassar, November 2012
Asmuddin Natsir
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1Chapter 1
GENERAL INTRODUCTION
1.1 INTRODUCTION
The main characteristic of ruminants, which differentiates
them from non-ruminants, is their ability to survive and
produce on fibrous diets, which are unsuitable for non-
ruminants such as pigs and poultry. This confers advantages
in ruminant food animal production systems though the
amount and nature of fibre strongly influences feed conversion
efficiency. The most important sources of fibrous nutrients for
ruminants are forage grasses and legumes, which are grazed
or fed as conserved products such as hay or silage. Other
potential sources of fibrous nutrients for ruminants are fibrous
crop residues. These particular feedstuffs have been used as
the main feedstuff to support ruminant production in many
countries.
The role of crop residues and crop by-product feedstuffs
will assume increasing importance as the demand for direct
2human use of cereal grains increases because the by-product
yield/unit area of land is positively correlated to the yield of
the primary commodity. Efforts to increase commodity yields
also result in increasing amounts of crop by-products available
for livestock as a feed though the amounts of fibrous harvest
residues will depend upon the harvest index (grain/total
biomass). In terms of quantity, approximately 1 kg residue is
produced for each kg of grain harvested (Kossila, 1984).
Generally fibrous crop residues are classified as “low
quality” roughage. They are characterized by negative
correlations between the fibre content and the protein and the
digestible energy contents; the higher the fibre content, the
lower the quality in terms of supporting production. They are
also unbalanced in their mineral composition. Other
characteristics of these roughages are the low acceptability and
low level of intake and digestibility. With this type of roughage,
nutrient intake may be insufficient to support maintenance;
certainly production is constrained to very low level.
To improve utilization of low quality roughages as
ruminant feed, the intake and digestibility have to be improved.
There are two common approaches that can be implemented;
supplementation with nutrients that complement and enhance
the substrate release from the roughage (energy + protein); or
processing the roughage to change the chemical or physical
properties to favour higher intake and/or more effective
extraction of nutrients. Thus one of the objectives of
supplementation is to correct the nutrient deficiencies and
improve ruminal condition for microbial degradation of the
roughage. The general purpose of pre-treatment or processing
is to improve the acceptability of fibrous material to the animal,
the dynamics of digesta passage and the accessibility of
nutrients to the rumen microbial population.
Use of low quality roughage as ruminant feed is
particularly important at the time where good quality
3feedstuffs are scarce or not available. When such roughages
are used as a basal diet, supplementary feeding offers one
alternative to lessen production losses and mortality or to
maintain growth rate. However, supplementary feeding is
usually expensive, therefore it is clearly important to make
decisions on the basis of optimum use of supplement to increase
effective use of the roughage for an achievable improvement
in production.
1.2 SUPPLEMENTATION AND ITS EFFECTS ON
RUMINAL CONDITIONS
When low quality roughages are fed, the responses of
ruminants to supplements are determined by a number of
factors. When the crude protein (CP) concentration in
roughage is low (<7% CP DM), the deficiency may be improved
by feeding additional protein, non-protein nitrogen (NPN), or
a combination of both forms of supplement (Minson, 1990).
NPN is the cheapest form of supplementary CP but it is only
effective when ruminally degradable N sources are a limiting
factor, and this applies under a limited range of conditions.
This is because even though rumen microbes have the ability
to convert NPN into microbial protein which can be absorbed
by the animal from the small intestine, the NPN will only be
converted into microbial crude protein (MCP) if energy
substrates and other nutrients required by the microbes are
available in sufficient quantities. These include accessibility of
energy substrate (Hespell and Bryant, 1979), sulphur (Slyter
et al., 1986), specific amino acids and peptides (Pittman et al.,
1967) and branch-chain acids (Allison et al., 1962).
A major response to protein supplementation with low
protein forages and crop residues has been attributed to
meeting the minimum rumen microbial requirements for N,
possibly specific amino acids and carbon chains. A second
avenue of influence is when some dietary protein is not
4degraded in the rumen and becomes available to the animal
for digestion in the small intestine. The majority of studies have
indicated that providing additional crude protein to ruminants
consuming low CP forage stimulates forage intake. As forage
CP increases, however, the magnitude of the intake response
either declines or is not obvious (Egan, 1977).
Even though supplementation of low CP-containing
forages has been shown to increase forage intake, the increase
in consumption still may not be great enough for the animal
to satisfy its energy or essential nutrient requirements for
maintenance or to support the desired growth and production.
Concentration of CP in supplements will determine the
magnitude of response that can be expected. Protein
supplements containing greater than 200 g CP/kg DM result
in greater forage intake response than that of protein
supplements containing less than 200 g CP/kg DM (Hannah
et al., 1991).
Unlike protein supplementation, energy supplementation
has often had little or even negative effect on forage intake,
depending on quantity and type of grain fed. Energy
supplements, in general, have a much higher dry matter
digestibility than roughages. Therefore feeding energy
supplements will generally improve the overall dry matter
digestibility of the mixed diet. However, the overall quantitative
improvement in nutrient supply to the animal depends upon
the proportion of energy supplement in the mixed diet, the
effects on dry matter digestibility of the roughage component
and supplement, the effect of the supplement on the activity
of rumen microbes and whether there is substitution of
concentrate for roughage in the total intake (Dixon and
Stockdale, 1999).
Supplementation with concentrates containing a high
concentration of soluble carbohydrates can have some adverse
effects. Many studies have shown that supplementation of
5roughage with high levels of readily fermentable sources of
energy reduces the extent and rate of crude fibre digestion
(Mould and Ørskov, 1983). Fibre digestion in ruminants may
be inhibited by two factors, low rumen pH and the availability
of readily fermentable carbohydrates. Changes in rumen
environment can result in either competition between
microbial species for certain nutrients, or the effects of
fermentation end product on particular groups of
microorganisms. Therefore it has been a recommendation that
high-energy supplements should be fed in small amounts (more
than once per day) to avoid extreme depression in rumen pH
and hence reduction in cell wall digestibility and intake of
roughage.
However, depression in ruminal fibre digestion has been
shown in some conditions not to be severe until grain exceeds
30% of the diet. A low level of grain addition may even improve
fibre digestibility. If nitrogen and other minerals are not limiting
microbial protein synthesis, supplementation with readily
available energy at up to15% of total dietary dry matter may
increase the intake of low quality roughage (Doyle et al., 1986).
Even, supplementation with small amounts of readily soluble
energy and N may improve the digestion of very poor quality
roughage and in some cases may actually serve to increase
roughage intake (Egan, l977). Mould et al. (l983) showed that
replacement of hay diet up to 25% by barley increased the
cellulolytic bacteria counts. This implies the importance of
decisions on type, amount, and periodicity of feeding of grain
supplements when supplements are provided to improve
performance of animals supported by roughage based diets of
low digestibility.
A factor of critical importance to be considered in choosing
sources of energy and nitrogen supplements to roughage diets
is how these will act in terms of optimised rumen fermentation.
The two principal products sought in relation to nutrient
6supply to the animal are the rate of supply and balance among
the energy substrates absorbed by the host animal, and the
microbial cell yield flowing from the rumen; the latter providing
protein and possibly bio available minerals and vitamins for
absorption by the animal.
In addition, since nitrogen and energy are substrates
required in the largest quantities to stimulate rapid growth of
bacteria, their availability within the rumen should be
synchronised. In theory, maximum efficiency of microbial crude
protein production will only be achieved if the ammonia is
released at adequate rates in parallel with the rate of provision
of energy from the forage. Synchronization of nitrogen and
energy degradation in the rumen is an objective in many studies
on techniques to increase bacterial growth rates and efficiency
of nutrient utilization. Approaches vary from modifying the rate
of release of N to increasing the rapidly fermented CHO fraction
of the diet at times when rumen ammonia levels are highest.
Many studies have shown that synchronizing the rate of
degradation of protein and energy is beneficial in terms of
microbial cell growth, ruminal digestibilities, efficiency of protein
and energy utilization, and milk production. A practical
illustration of synchronization is that when rumen microbes
receive required nutrients, i.e., nitrogen and energy at the same
time in a balanced necessary mix of rapidly and slowly degraded
sources of N and rapidly & slowly degraded carbohydrate
sources (Hoover and Stokes, 1991).
If nitrogen is degraded at faster rates than are the energy
sources available for its utilization, excess ammonia will be
carried via portal blood to the liver to form urea. The greater
the level of ammonia absorption the greater the energy cost of
urea synthesis, and the greater the risk of ammonia intoxication.
Though some urea will be recycled to the digestive tract, a
large proportion will be lost through excretion in the urine.
The urinary N loss is not only wasteful but contributes to soil
7acidification and potentially to nitrous oxide production and
to greenhouse gas contribution. In contrast, when a quantity
of highly degradable energy exceeds the availability of
nitrogen, fibrolytic microbial growth and digestive efficiency
decrease. Partly this may be due to pH and altered rumen
environment as well as direct competition for scarce nutrients.
Therefore feeding combinations of protein and energy sources
which complement each other in optimising rumen
degradation and microbial growth can result in higher animal
performance e.g. milk production.
1.3  EFFECT OF PROCESSING ON PHYSIO-CHEMICAL
PROPERTIES OF THE ROUGHAGE
Beside supplementation, another common approach for
improving the nutritive value of fibrous agricultural crop by-
products or low quality roughages is by pre-treatment or
processing. The main purpose of such treatment is to disrupt
anatomical/physical as well as chemical barriers to digestion.
Generally pre-treatment of roughages can be categorized into
chemical, biological and physical treatment.
Numerous chemical treatment methods have been
developed for forages and crop residues. Treatment of low
quality roughages with sodium hydroxide, calcium hydroxide
or ammonia has been extensively studied (Jackson, 1977). The
phenomenon most widely associated with alkali treatment of
roughages is disruption of hemicellulose-lignin interaction and
a swelling effect on the fibrous structures.
Biological treatment of fibrous feeds has advantages,
which include an improvement in digestibility of the
lignocellulose. However the clear disadvantages are the much
longer times required and the removal of some of the more
readily degradable substrates in the plant material (Berger et
al., 1994).
8Physical treatment of low quality roughage is intended to
disrupt the cell walls in order to permit rumen microorganisms
or their enzymes to have greater access. Various physical
treatments have been reported; some types of treatments like
grinding/milling procedure followed by a compaction process
(pelleting/cubing) are commonly used for this purpose. The
most consistent animal responses to grinding and pelleting of
forages are increases in feed intake and gain and improvement
of feed efficiency. It may however lead to increased rate of
passage, reduced retention time and lower extent of digestion
of fibre constituents.
Exposing the roughages to treatment either with high
steam pressure or high intensity of gamma irradiation
increased in vitro and in sacco digestibility even thoughthe
animal intake of these treated materials does not always
improve.
Another type of physical treatment that could be applied
is microwave radiation. Even though this technique is not
commonly used for treating roughages, its application in wood
science has been established quite long. Azuma et al., 1984
reported that the susceptibility of cellulose to enzymatic
degradation of sampled Pinus densiflora, Fagus crenata, and
Phyllostachys markedly increased by microwave irradiation.
1.4 PURPOSE OF THE RESEARCH
In this book, rumen degradation characteristics of different
roughages are addressed and the effects of manipulating the
rumen environment through feed supplementation or
manipulating the physical structures of the roughage itself have
been investigated. The aim of presenting the information in
this book is to provide a better understanding of factors
interacting in optimising the utilization of roughage, especially
low quality roughage, as ruminant feed. This information may
enable the nutritionists, feed manufacturers, and farmers to
9formulate rations that could optimize utilization of fibre in
ruminant diets.
The specific objectives of the series of experiments reported
in this book were to evaluate the effects of different rumen
conditions created by feeding various supplements or by
changing feeding management on degradation characteristics
of different roughages in the rumen by an in sacco technique.
Effects of different rumen conditions on rumen microbial
protein flow to intestine were also evaluated using purine
derivatives as an indicator. In addition, the diversity of the
rumen microbial population and changes associated with
dietary treatment were also addressed. A further objective was
to evaluate the effects of a physical treatment, microwave
radiation, of barley straw on the chemical properties, in vitro
digestibility and rumen degradation characteristics of fibre
where irradiation was varied in terms of energy and time of
exposure.
1.5 GENERAL OUTLINE OF THE BOOK
The first chapter of this book provides a general
introduction to the subject. Chapter 2 is a general review of
literature which are relevant literature for the experiments
reported in subsequent chapters. One general hypothesis is
that creating an optimum rumen condition through
supplementation or feeding management can improve
efficiency of fibre utilization by ruminants. Provision of
supplements varying in terms of type, quantity, and time of
provision create a range of rumen conditions, which in turn
support different rates of rumen degradation of the fibre
fraction of the diet and influence rates of rumen microbial
protein synthesis.
Chapters 3, 4, 5, and 6 were designed to identify the most
beneficial conditions afforded by diets, feeding management
and processing. The experiment reported in Chapter 3 was
10
designed to evaluate effects of abrupt changes from roughage-
based diet to high grain diet on rumen conditions and rumen
degradation characteristics of different roughages in dairy
cows. Fermentation patterns and rumen degradation
characteristics of roughages differing in their fibre contents
were studied in animals fed mainly roughage and were
compared to those when the animals were exposed abruptly
to a high grain diet.
The experiment reported in Chapter 4 was designed to
further investigate the results from the previous chapter. This
Chapter contains information on an attempt to improve the
degradation rate of fibre from the low quality roughage using
tissue disruptive effects of microwave treatment. In this section
barley straw was chosen as a model due to its high resistance
to rumen degradation compared to other roughages
(Chapter3). It was exposed to microwave radiation at a specific
power level for variable times. The effects of the treatment were
evaluated in terms of chemical composition, in vitro digestibility,
and the rumen degradation characteristics of the straw.
Untreated-barley straw samples with microwave-treated
barley straw samples were compared. To expand the
evaluation, the barley straw samples subjected to the treatment
were obtained from crops at two different stages of grain
maturation.
Chapter 5 was designed to compare two different sources
of nitrogen (NPN vs. true protein) on rumen environment and
the effects of each on degradation characteristics of oaten chaff
in the rumen of sheep fed oaten chaff as a basal diet. In this
experiment, rumen fermentation patterns, rumen degradation
characteristics and digestibility of oaten chaff were evaluated
under three different treatment diets, namely control diet (oaten
chaff without supplementation), oaten chaff supplemented
with barley fortified with urea (NPN) and oaten chaff
supplemented with faba beans (true protein).
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The experiment described in Chapter 6 was conducted to
evaluate the effects of feeding frequency of faba beans as
supplements on rumen condition, rumen degradation
characteristics of different roughages, and microbial protein
synthesis in the rumen The effects of supplying faba beans at
different times to animals receiving combination oaten chaff
and lucerne chaff as a basal diet were investigated.
For all experiments reported, rumen fermentation patterns
and rumen conditions were evaluated by analysing effects of
treatments on rumen pH, rumen NH3-N concentration,
concentration of total volatile fatty acids (VFAs) and the molar
proportion of individual acids. Rumen microbial protein flow
to the intestine was estimated by measuring total purine
derivatives excreted in the urine of animals as an index of
microbial N flow. Rumen degradation characteristics of the
soluble fraction (a), the potentially degraded fraction (b), the
rate of degradation (c), the lag time (to), and the effective
degradability of dry matter, neutral detergent fibre, and acid
detergent fibre (EDDM, EDNDF, and EDADF) of different
roughages were measured with in sacco technique.
Finally, in the General Discussion (Chapter 7) the major
findings of the experiments described in Chapters 3, 4, 5, and
6 are discussed in an integrated manner. Some suggestions for
further research as well as practical implication are included.
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Chapter 2
GENERAL REVIEW
2.1. INTRODUCTION
Unlike non-ruminant animals, ruminants can survive on
diets high in cellulolysic materials that are abundantly available
in grassland and crop environments. This ability to survive is
due to a symbiosis between the animal and microorganisms
that occupy the foregut of ruminant animals. The
microorganisms are able to digest β-linked polysaccharides and
this allows this class of animal to use roughages as their sole
food source. A large component of the energy (GE; heat of
combustion) in forages is in the form of structural
polysaccharides, cellulose, hemicellulose, and pectin, which
are found in cell walls. The cell-wall constituents are generally
regarded as the most important factor affecting the rate and
extent of extraction of energy from forage because it comprises
the major fraction of the organic matter (OM) and accounts
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for 40-60% of the forage dry matter (DM); and also because
other intracellular nutrients may be less available because of
the physical barriers presented by the cell-walls, until disrupted.
The availability of energy in forage is usually estimated
from dry matter digestibility (DMD), which in forage, varies
with the proportions of cell wall + cell contents in the DM and
the nature of the cell wall constituents. The cell contents are
highly digestible while digestibility of the cell walls is highly
variable and entirely dependent on microbial activity. Energy
derived in the digestion of the fibre/cell wall fraction of forage
is a major source of energy in the first instance for the
microorganisms occupying the animal’s forestomach and large
intestine and subsequently for the animal itself. As plants
mature, the cell wall fibre constituents become an increasing
proportion of the OM and are more slowly and less completely
digested. The capability of microbes in degrading and
fermenting these materials determines the digestible energy
(DE) available from the forage. The kinetics of rumen digestion
of fibre expressed as the overall rate and extent to which fibre
is degraded is dependent upon factors such as accessibility of
the substrates to the microorganisms. This in turn is determined
by the physical and chemical nature of forage, and by the
dynamics of the microbial diversity supported by the rumen
environment.
In addition to being a major source of energy in the diet
of ruminants, fibre plays an important functional role in
maintaining optimal physiological attributes or processes in
the rumen. It stimulates contractions of the rumen wall,
rumination and ensalivation, forms a normal rumen mat that
functions as a filtering system preventing rapid passage of
particles and loss of nutrients, and maintains buffering capacity
of the rumen (Van Soest et al., 1991). It also provides an
adhering surface for much of the population of microbes that
protects them from being washed out of the rumen too early
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(Cheng et al., 1990). Fibre is also involved in regulation of feed
intake (Mertens, 1993).
In order to understand the importance of roughage as a
fibre source for ruminants, it is important to know the physical
and chemical structure of forages. This is especially important
for low quality roughages, as these characteristics determine
behaviour in relation to rumen microbial fermentation and
govern the avenues through which we can improve their
nutritive values as ruminant feed.
2.2 SOME IMPORTANT NUTRIENTS FOR RUMINANTS
Structural polysaccharides, non-structural polysaccha-
rides, protein and lipids are the major components of the
organic matter (OM) of animal feeds. The physical and
chemical properties within and among these groups mainly
determine their behaviour and fate in the digestive tract of
ruminants. Among the nutrients required by ruminants, the
first two limiting nutrients generally encountered are protein
and carbohydrates.
2.2.1. Protein and its characteristics
Protein consists of simple units, amino acids, linked by
peptide bonds and makes up about 60-80% of the total plant
nitrogen (N). The remainder, which is generally known as the
non-protein N (NPN), includes amines, amides, nitrates,
alkaloids, and nucleic acids.
Protein present in feedstuffs used in animal nutrition can
be classified according to their solubility in water (albumins),
salt solution (globulins), alcohol (prolamines), and dilute alkali
(glutelins); and on the nature of their function in plants
(enzymes, membrane/structural protein, storage protein).
Dietary protein entering the rumen is subjected to
microbial attack depending upon its solubility and structure.
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Protozoa  in the rumen ingest particulate protein and digest
and degrade it intracellularly to smaller molecules (Russell and
Hespell, 1981). Degradation of protein by bacteria (presumably
also fungi) in the rumen occurs extracellularly with the protein
molecules being absorbed on the surface of bacteria (Nugent
and Mangan, 1981). Digestion of protein results in the
production of peptides, which can appear in low concentration
in the rumen digesta. Peptides are further hydrolysed, usually
rapidly, to amino acids, which may be incorporated directly
into microbial protein or fermented as an energy source. Small
peptides (<5 amino acids residue) and free amino acids are
the important intermediates (Russell et al. 1991). These can be
taken up by the organisms and incorporated directly into
microbial protein or fermented as an energy source with
generation of ammonia.
During fermentation of amino acids ammonia is produced.
If rates of ammonia production exceed rates of ammonia
utilization in microbial protein synthesis, large quantities of
ammonia can accumulate in the rumen. Ammonia is absorbed
across the gut wall and used to synthesise urea in the liver.
Some urea is recycled back to the rumen through salivary
secretion. However, when ammonia flux from the rumen is
great, a larger portion of the urea is excreted in urine. Therefore,
ammonia accumulation in the rumen will decrease retention
of nitrogen in the rumen and the efficiency of N retention by
the animal.
Consequently, ways of reducing wasteful fermentation
of dietary protein has been an objective for ruminant
nutritionists. General ways of reducing ruminal protein
availability include: heat treatment, chemical treatment, and
inclusion of feed sources containing proteins that are naturally
low in degradability. The purpose of these treatments is to
reduce degradation rates of protein and starch in the rumen
and make them more available for digestion in the small
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intestine of the host animal. In many cases, those treatments
have increased animal performance.  Some rumen additives
also have decreased rates of amino acid fermentation, but the
mechanism of these actions has not been revealed (Chalupa.
1980).
2.2.2. Carbohydrates and their characteristics
From a nutritional perspective, carbohydrates provide the
primary source of energy in ruminant diets, though in most
natural or improved diets almost all carbohydrate digestion
occurs within the rumen. Carbohydrates that are utilized by
the ruminant animal fall into two main classes, non-structural
carbohydrates and structural carbohydrates.
Non structural carbohydrates
Non structural carbohydrates (NSC) are often water-
soluble and consist of sugars, starches, and other soluble or
readily fermented polysaccharides. In plants, starches and
fructans are the major non-structural polysaccharides found
and both are important as energy sources. Starch polymers
are composed of α-D-glucose units and occur in two forms:
amylose and amylopectin. Amylose is a linear molecule of
α-1-4-D-glucose units. It has relatively low molecular weight
with typically less than 2,000 glucose residues per molecule. It
is soluble in water and takes on helical conformation in solution.
Amylopectin is a highly branched molecule with a linear chain
of α-1-4-D-glucose that has an α-1-6 branch point every 20 to
25 glucose residues. Amylopectin has a higher molecular
weight than amylose and generally ranges from 2,000 – 220,000
glucose residues per molecule Starch is formed in a highly
organised manner where the amylose and the amylopectin
molecules are held together by hydrogen bonding (Nocek and
Tamminga, 1991).
18
In most cereal  grain, 70 to 80% NSC is starch; in contrast,
forage plant contains very little starch, 5-15% DM (Van Soest,
1982). Differences in solubility and susceptibility of starch to
enzyme degradation occur for several reasons, including their
amylose and amylopectin contents, crystallinity, particle size,
and presence of enzyme inhibitors. The amylose and
amylopectin ratio, which ranges from 1 to 4, may also influence
its susceptibility to enzymatic degradation.
Before being utilized NSC must be degraded to simple
sugars. Starch is hydrolysed to maltotriose, maltose and glucose
by a variety of amylases, which are present in saliva (non-
ruminal herbivores), intestinal secretions and are produced by
ruminal bacteria, protozoa and fungi. Utilization of NSC by
ruminants is almost complete. The components are rapidly
fermented within the rumen to produce volatile fatty acids
(VFAs; primarily propionate, acetate and butyrate) and the
fermentation yield of ATP, available to microorganisms for
maintenance and growth. The volatile acids, when absorbed
into the blood through the wall of the rumen or other
compartments, serve as the primary substrate for energy
metabolism in the ruminant.
For ruminants consuming forage diets, most of the starch
digestion occurs within the rumen as a result of bacterial
amylase activity. However, there is strong evidence that
ruminants have the capacity for considerable postruminal
digestion of starch (Owens et al., 1986).  Most starch escaping
ruminal fermentation is digested within the small intestine
through the activities of pancreatic amylase and intestinal
maltase and isomaltase. If starch reaches the large intestine, it
is readily fermented and its degradation is generally in the
range of 70-100%, though this can be affected by particulate
nature and passage rate of, for example, whole grain fed at
high intake levels.
19
Degradability of starch from various cereal grains is
variable. Herrera-Saldana et al. (1990) compared, in vitro and
in vivo, rumen starch availability from five different cereal
grains and concluded that the ranking for ruminal starch
availability was oats, wheat, barley, corn, and sorghum, with
rumen degradation of starch from sorghum slower than that
from oats.
Furthermore, ruminal availability of starch can be altered
by physical or chemical processing methods. Steam flaking
increased starch degradation of sorghum and corn. Similarly,
rumen starch degradability was higher with autoclaved
maize than for raw maize (Hung et al., 1995). However,
studies using legume grains indicated that pressure toasting
and dry roasting decreased rumen starch degradability of
faba beans (Yu et al., 1998).
Chemical treatment of cereal grains and grain legumes is
intended to shift digestion from the rumen to the small
intestine. Common chemical treatments used are formaldehyde
and alkaline treatments. But the result of chemical treatment
is not consistent. For instance, rumen degradation of
formaldehyde treated cornstarch in sheep decreased due to
formaldehyde treatment, but the treatment had no effect on
barley starch.
Structural carbohydrates
The most complex and incompletely understood
constituent potentially contributing to the energy yield in the
ruminant animal is structural carbohydrates (SC) present in
the plant cell walls. The nutritive characteristics of SC for
animal feeding are variable depending on the sugar
components and linkages. SC include pectin, cellulose and
hemicellulose with a stable β-linkage ring configuration of
the  constituent monosaccharide basic sugar units (McDonald
et al., 1991).
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Plant cell walls are composed mainly of a complex of
polysaccharides with varying composition and structures,
together with hydroxynamic acids, lignin, protein, mineral ions,
and water. Ionic interaction, hydrogen bonding, and covalent
bonding determine their characteristics and often involve
divalent ions such as Ca2+, which may confer properties of a
flexible gel matrix. Hydrogen bonding may occur within or
between molecules. An example of the latter is inter chain bond
between cellulose chains, resulting in a highly ordered
aggregate, usually with crystalline properties. Covalent
bonding occurs as glycosidic interactions, ester linkages, and
cross linking of polymers through intermediate molecules
(Hatfield, 1993).
In discussing structural polysaccharides, the terms of
“fibre” and “plant cell wall” are often used interchangeably.
In fact these two terms are not similar and reflect different
functional perspectives. The plant cell walls can be considered
a composite consisting of cellulose fibrils embedded within a
matrix of lignin and hemicellulose polysaccharides (Wilson,
1993). Cell walls form the structural framework of the plant
form and provide mechanical and structural support for plant
organs.  In addition, walls play important roles in constraining
water movement and thus water balance, and in ion exchange,
cell recognition, and protection from biotic stress (Vian, 1982).
In contrast fibre is a nutritional unit, which is defined as
much by its biological properties as its chemical composition
(Van Soest et al., 1991). Fibre has traditionally referred to the
complex of dietary nutrients, which are relatively resistant to
digestion and are slowly and only partially degraded by
ruminants.
Put simply “cell walls” conveys an image of the
arrangement of structural units, which in the diverse patterns
in plant material can have important physical as well as
chemical influence when it comes to how accessible the material
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is to external attack. “Fibre” conveys value in terms of the
complex chemical constituents but little about how these
constituents are arranged. Each contributes to our conceptual
model of what these constituents are and what factors may
affect their nutritional contribution.
In animal feed evaluation, fibre is an estimate of cell wall
polysaccharides. It is usually determined as the residue after
extraction of the feed successively with a solution of acid and
alkali or the residue after extraction with neutral detergent or
with acid detergent and is termed neutral detergent fibre (NDF)
or acid detergent fibre (ADF) (Goering and Van Soest, l970),
respectively. This fibre also contains some nonpolysaccharide
substances like lignin (phenolic polymers) or cutin. A further
separation can be obtained by subtracting NDF with ADF
content which is known as hemicellulose (noncellulosic
polysaccaharide) and cellulosic polysaccharide is obtained with
the difference between ADF and lignin content. So by definition
cellulose, hemicellulose and lignin are the major components
of fibre.
The definition of fibre has been expanded by nutritionists
concerned with monogastric animals to include all compounds
in the diet which are resistant to digestion by mammalian
enzymes (Van Soest et al., 1991). This classification of fibre is
called non-starch polysaccharide (NSP) (AFRC, 1987). In this
system fibre is defined as a total of cellulose, hemicellulose
(xylans, mannans, glucomannans, and arabino galactans) and
pectic substance. Application of these two systems is dependent
upon the types of animals studied. The NDF/ADF/lignin
system is generally used for ruminant nutrition studies while
NSP system is usually adopted for human nutrition.
For ruminant animals, fibre is a major source of energy
for the animal itself but only in so far as it contributes energy
for microorganisms occupying the forestomach and large
intestine. The availability of energy from the forage is limited
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not only by fibre concentration and distribution but particularly
by fibre that is slowly and incompletely digested. The latter
usually increases more rapidly with increasing fibre
concentrations.
Due to the major contributions of fibre as the main energy
source for ruminants in many livestock system, it is important
to examine characteristics of relatively refractory roughages
considered as “low quality” roughages. In the following section
of this chapter, availability of such roughages, their nutrient
composition, and response to different processing methods and
supplementation will be discussed.
2.3 CEREAL STRAWS AS FIBRE SOURCES FOR
RUMINANTS
2.3.1 Availability
Attention given to straw as an animal feed is based on
the fact that this fibrous material comprises the predominant
component of the basal diet for ruminants in large parts of the
world. Greenhalgh (l984) identified four reasons for a
resurgence in interest in the feeding of agricultural residues:
(i) new feeding strategies for ruminants that involves fibrous
residues; (ii) more precise knowledge of animal nutrient
requirements, resulting in the identification of situations where
less than maximal nutrition is required; (iii) better
supplementation regime which optimise ruminal digestion and
postruminal utilization of nutrients; and (iv) new methods for
increasing the nutritive value of fibrous feedstuffs themselves.
Agricultural residues are in plentiful supply because most
of the plants grown on farms as subsistence food supplies or
commercial commodities yield considerable amounts of crop
by-products that are not consumed by humans. In general,
the by-product yield/unit area of land correlates positively to
the yield of the commodity. Approximately 1 kg of residue is
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produced for each kg of grain harvested (Berger et al., 1994).
As the demand for direct human use of cereal grains increases,
increasing commodity yields will result in increasing amounts
of crop by-products becoming available for livestock as feed
(Kossila, 1984). The availability and utility of a number of by
products for livestock in different regions and countries has
been discussed in many occasions.
2.3.2 Nutritive values of cereal straws
Chemical analyses of various cereal straw shows that there
is a big variation due to the sources of straw (oat, wheat, barley,
or rice straw), harvest time (winter or spring in temperate area,
and dry or wet season in the tropical area), varieties and straw
fraction (leaf, node, internode).
The common characteristic of straws is their high, and
usually highly lignified, fibre content and unbalanced mineral
composition. In addition, the small proportions of other
nutrients are not readily available for the animal because they
are encapsulated by lignocellulose. The lignocellulosic complex
of cell walls is very difficult to degrade, despite the
extraordinary range of cellulolytic activity of the rumen
microorganisms. Along with the high fibre content, the
concentration of crude protein of cereal straws is low and varies
within a range of 2-9%, depending upon the types of straws
and how the crop residues are made available. Moreover a
major part of the protein is intracellular and its fate can depend
upon the degradation of the cell walls, resulting in low
digestibility. Table 2.1 shows some values for cell content, cell
wall, hemicellulose, cellulose and lignin from straws and other
agricultural residues based on the detergent fibre analysis
scheme of Goering and Van Soest (l970).
In addition, cereal straws in general are difficult to sample
representatively because the plants are large and bulky and
because the different morphological fractions (leaf, stem etc.)
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differ markedly in their chemical composition. Table 2.2
illustrates variability of chemical composition and extent of in
vitro organic matter disappearance straw samples obtained
from different types, varieties, and fractions of straw.
Table 2.1 Chemical compositions (g/kg DM) of different
cereal straws and other agriculture by product
Cell Cell       Hemi-   Cellulose    Lignin
             content     wall    cellulose
Barley straw 190 810 270 440  70
Wheat straw 190 810 260 390 100
Rice straw 210 790 260 330  70
Sorghum straw 250 750 300 310 110
Oat straw 290 710 160 410 110
Chickpea straw 380 620 200 300 100
Lucerne straw 310 690 190 380 110
Sugarcane bagasse 160 840 290 400 130
Sugarcane trash 200 800 260 360 100
Rice hulls 140 860 140 390 110
Cottonseed hulls  90 910 150 590 130
Source: Jackson (l977).
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Wheat straws WS1 WS2 WS3
Fractions LB LS  S LB LS  S LB LS S
Chemical composition (g/kg DM) and in vitro organic matter digestibility (IVOMD)
OM 883 893 947 863 889 954 854 896 945
NDF 723 770 844 708 753 854 692 770 869
ADF 496 462 476 517 486 496 522 482 519
Lignin 49 52 80 45 48 77 54 60 84
Nitrogen 5.8 4.2 3.3 5.7 3.1 2.1 6.7 3.4 2.6
IVOMD (%) 54 54 36 54 55 32 50 47 30
Rice straws  PHS PLS I
Fractions LB LS  S LB LS  S LB LS S
Chemical composition (g/kg DM) and in vitro organic matter digestibility (IVOMD)
OM  832 818 882 842 829 874 798 812 870
NDF 778 848 822 781 833 844 812 836 843
ADF 549 603 569 540 606 626 566 607 608
Lignin 33 40 43 29 34 49 28 40 57
Nitrogen 5.7 3.9 3.9 4.8 3.6 3.5 4.4 4.1 4.2
IVOMD (%) 62 47 38 61 44 37 63 45 36
a) From Wales et al. (l990),  b) from Doyle and Chanpongsang (l990).
WS1, WS2, WS3: wheat straws obtained from different locations in Victoria.
Oryza sativa cv. Pelde grown on heavy soil (PHS), grown on light soil (PLS), and
Oryza sativa cv. Inga (I). LB, leaf blade; LS, leaf sheath; S, stem.
2.3.3 Manipulation of fibre characteristics of low quality
roughages
Utilization of low quality roughages such as cereal straws
in feeding ruminants presents many challenges. Low
digestibility, low voluntary intake and poorly balanced
nutrients all contribute to low utilisation by ruminants. Any
treatment to increase their energy yield by 10-20% would make
Table 2.2 Characteristics of the major components of wheat
strawa) and rice strawb)
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a great addition to the world’s livestock resources. However
any treatment must be low cost, technologically simple and
feasible within the resources either on farm or close by.
To improve the nutritive value of agricultural residues for
livestock, some form of processing is generally required. The
main purpose of processing is to increase the acceptability of
the feed and reduce the intake limiting characteristics.
Objectives therefore are to increase daily intake, enhance the
rate and/or extent of digestion, and improve availability and
balance of nutrients. However, to be considered important in
an animal production system, the processed feed must
compete both nutritionally and economically with
conventional animal feeds (Berger et al., 1994).
In the end, it is the cost of a treatment process that will
determine if treated fibrous residues will become part of diet
formulation. A problem common among many treatments is
that the cost can often exceed the added value of the end
product. Moreover, the value of the treated materials alone
might be low to moderate such that protein or energy
supplements are still needed to achieve a satisfactorily balanced
nutrient profile. In general, attempts to improve fibre digestion
and nutritive values of roughages can be categorised as
physical, chemical, and biological, though some processes have
both chemical and physical effects on the behaviour of the
roughage.
Physical treatment
To enhance the utilization of fibrous feedstuffs by
ruminants, numerous physical-processing techniques have
been used. These include grinding (usually followed by
compacting process such pelleting and cubing), steam
treatment, and irradiation.
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Grinding and Pelleting
The most widely studied physical treatment for enhancing
the utilization of fibrous materials by ruminants is grinding
and pelleting. Chopping and grinding are two general methods
used to change the ease of ingestion. By these methods, the
intact roughage structures are broken down to small particle
sizes exposing new surfaces as points of microbial colonization
and thus increasing surface area for enzyme penetration
(Walker, 1984). These methods do not in themselves alter
chemical composition. They may have some negative effects
on degradability of fibre if the straw is ground so fine (1 mm)
that rumen retention time is greatly reduced.  The only
advantage of treating the straw with this method is that it
decreases particle size, increases surface area, and increases
the bulk density of both leaf and stem fractions of the forages.
Ground forages often are further processed by pelleting or
cubing before being fed. The advantage of this treatment is
that it further increases bulk density, decreases dustiness, and
increases ease of handling (Fahey et al., 1993).
The most consistent animal responses to grinding and
pelleting of forages are increases in feed intake, rate of weight
gain, and improved feed efficiency (Winugroho and Chaniago,
l984). Thus grinding and pelleting forages does not enhance
structural carbohydrate utilization in vivo by ruminants; any
increase in animal performance is mainly consequence of
increased energy intake.
Steam treatment
Improving the utilization of lignocellulosic materials by
steam pressure treatment has received considerable attention
during the 1970’s and 1980’s. Steam treatment is considered
to be a thermo-mechanical process as it follows the principle
involved in acid-hydrolysis reactions. The main difference
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between solely chemical and steam treatments is that the latter
does not require the addition of chemicals. Steam treatment
involves physical disruption of cell wall structure. Its
mechanism of action is largely hydrolytic in nature. Acetyl
esters of hemicelluloses were cleaved, thus releasing a
considerable amount of acetic acid, lowering substrate pH and
assisting in hydrolysis (Bender et al., l970).
Many experiments have confirmed the improvement of
nutritive values of steam pressure treated material. In general,
dry matter digestibility, feed intake, and feed conversion can
be markedly increased by steam treatment. Steam treatment
increased feed intake by 55% and increased digestibilities of
OM, gross energy and cellulose by 8, 10 and 16% (Oji and
Mowat, l978). However, Garret et al. (l981) obtained less
promising results when rice straw was steam-treated at
pressure of 28 kg cm-2 for 20 and 90 seconds and incorporated
into diets (650 g/kg DM) for lambs. Daily gains and feed intakes
were similar between untreated and 20 seconds treated
materials, but were significantly depressed for 90 seconds
treated straw. Furthermore, the OM and cellulose digestibilities
for both treated straws were lower than for untreated straw.
Due to the high initial investment required and the
conflicting results obtained to date, implementation of this
technique at farm level still requires clear identification of the
classes of materials that can be improved by this method and
evaluation of time and costs against benefits.
Irradiation
Ionizing radiation has been investigated as a means of
increasing the availability of nutrients of plant cell walls for
microbial digestion. The major effects of ionising radiation are
depolymerisation, acid group formation, gas and radical
formation. The percentages of cellulose, hemicellulose, and
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lignin were all decreased due to partial hydrolysis as a result
of irradiation (Walker, l984).
When chopped rice straw was subjected to gamma
irradiation at 0, 5, 10, 25, 100, and 200 Mrad, dry matter
disappearance from the Terylene bags increased as the level
of irradiation increased.  Inclusion up to 43% of irradiated
wheat straw (1.05 MGy) and barley straw (1.60 Mgy) with
60Co improved OM in vivo digestibility from 40.7% to 50.4% in
sheep (Leonhardt et al., l983).
However in other studies, irradiation greater than 100
Mrad or 250 Mrad resulted in decrease in digestibility
attributed to the presence of reaction products which were
harmful to rumen microbes (Yu et al., 1975). Similarly,
McManus (l972b) found no differences in the intake by sheep
of chopped rice straw subjected to different dose levels of
gamma irradiation (0, 25, 50, 75 Mrad). Irradiation at higher
levels decreased apparent dry matter digestibility due to a
shorter rumen retention time and this was not offset by a higher
feed intake. Other studies showed similar results; high intensity
of gamma irradiation increased in vitro and in sacco digestibility
of the straw but the animal intake of these treated materials
did not improve (Rangnekar et al., 1982).
Evidence available to date indicates a risk that irradiation
of low quality straw may depress the digestible energy value
of an already poor quality feed. Given the high cost of
treatment, any application of this technique may be very limited
both in terms of the class of feed that can be effectively treated,
the range of levels of irradiation to be used and above all the
level of investment required.
Microwave radiation
As discuss previously, one major mode of effect of physical
treatment of fibrous crop residues and by products is to disrupt
the anatomical/physical and chemical barriers to digestion in
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order to permit either cellulase or rumen microorganisms to
have greater access.  One alternative of physical treatment that
is possible to be applied is use of microwave radiation.
Microwave energy is an electrical field (microwave energy)
and was first used to dry wood shortly after the World War II
(Barnes et.al., 1976). Microwave energy is a form of
electromagnetic radiation or field similar to visible light. It has
velocity of 3 x 108 meter per second and can be focused by a
lens system, reflected by mirror, used to raise energy levels on
or in minerals and is absorbed by materials or liquids.  For
wood heating purposes, the frequency commonly used is either
915 MHz or 2450 MHz having wavelength 0.328 or 0.122
respectively.  Microwave energy can be transmitted through
coaxial cable or metal waveguides.
The mechanism of microwave energy interactions with
wood components during drying has been well documented
(Peykens et al., 1984).  Molecules in wood constituents will
rotate and tend to align with the direction of the electrical
field resulting in the creation of electric current in the material
(Torgonikov, 1993).
If the field direction is reversed, the molecules tend to
rotate 180o in order to realign it self with the field. This vibration
is manifested as heat and occur because of the dipolar nature
of the molecules, which consists of positively or negatively
charged ions.  Barnes et al. (1976) described water as an
example in which the movement of water molecules during
rapid realignments results in rapid elevation of temperature
and change in state from liquid to gas phase.
Cellulose, hemicellulose, and lignin are polar polymers and
are non-uniform cell wall substances.  The presence of cellulose
polarisation in an electric field is associated with a
displacement and rotation of hydroxyl groups (-OH) and
methylol groups (-CH2OH) (Torgovnikov, 1993).  In addition,
the quantitative proportion of the crystalline and amorphous
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or non-crystalline groups on the cellulose will determine the
dielectric properties of wood.
During microwave drying, the microwave energy causes
water and wood substance molecules to disassociate.  The
molecules of free and bound water, cellulose and lignin are
vibrating and rotating resulting in molecular friction. This
energy causes a migration of ions by delivering kinetic energy
arising from molecule friction.  This kinetic energy then
converts into heat (Peyskens et al., 1984).
Studies on wood showed that when intensive microwave
radiation is applied there is rapid generation of high internal
steam pressure in the wood cells which in turn permanently
increases permeability of the cells/tissues several thousand fold
(Torgovnikov, 1993). Some studies with wood showed that
exposure to microwaves significantly increased the surface area
available for enzymatic digestion. For instance, enzymatic
susceptibility of cellulose of samples Pinus densiflora, Fagus
crenata, and Phyllostachys  was markedly increased by
microwave irradiation (Azuma et. al., 1984).
Therefore it can be hypothesized that application of
microwave radiation to straw will increase digestibility due to
delignification, molecular changes in cellulose and
hemicellulose chains and physical disruption due to rapid
change in internal pressure with vaporation of water. The
extent to which this occurs may change the susceptibility to
degradation in vivo. It may also affect analytical results for the
material as determined by the current proximate analytical
methods.
Chemical treatment
The purpose of chemical treatment of fibrous feed is to
increase digestibility and intake through solubilization of some
of the cell wall components or disruption of complexes of lignin
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and cell wall carbohydrates. Chemical treatment appears to
be most beneficial for treating mature lignified substrates . In
general, the agents used in chemical treatment can be
categorised into oxidative agents and hydrolytic agents.
The major hydrolytic treatments involve use of alkaline
agents. The main characteristic widely associated with alkali
treatment is the partial solubilization of hemicellulose, lignin,
and silica and the hydrolysis of uronic and acetic acid esters
(Chesson, 1981).
When roughages are treated with alkali, the lignin-
hemicellulose matrix is affected markedly. Numerous studies
have indicated that phenolic compounds are covalently bound
to hemicelluloses via ester linkages (Chesson et al., 1983).
Saponification of ester bonds accounts for the solubilization
of phenolic material, hemicellulose, and acetyl groups that are
observed with alkali treatment. Disruption of lignin-
hemicellulose matrix of the plant cell wall would result in a
reduction in the physical encrustation of cellulose and allow
greater access to microbial enzymes which in turn could
account for increased rate and extent of fibre digestion (Fahey
et al., 1993).
The two most widely used alkaline chemicals are NaOH
and NH3. Generally, the feeding value of treated materials is
improved in terms of both increased digestibility (in vitro and
in vivo) and intake. Comparing the results between NaOH and
NH3, any increase in digestibility of NH3-treated material is
generally smaller than that of NaOH-treated material (Males,
l987). In addition, the results obtained if using urea as a source
for NH3 are more variable. However NH3 treatment decreases
the amount of supplemental N needed in diets that contain
high levels of treated materials (SundstØl and Coxworth,
1984).
Other chemicals such as Ca(OH)2 and KOH have been
researched as possible alkaline hydrolytic agents. However,
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Ca(OH)2 is less effective in improving digestibility while KOH
is too expensive to be economically feasible, even though both
chemicals are attractive as treatments as they would provide
Ca and K for the animal (Fahey et al., 1993).
Unlike hydrolytic agents, oxidative agents actively attack
and degrade a major proportion of cell wall lignin and randomly
cleave glycosidic linkages of the cell wall polysaccharides.
Various oxidative chemicals have been studied including
ozone (Ben-Ghedalia et al, 1982), various peroxides
(Klopfenstein et al., 1974), chlorine containing compounds
(Ford et al., 1987), and SO2 (Ben-Ghedalia and Solomon, 1987).
Generally, the effects of oxidative treatment are a significant
decrease in lignin and hemicellulose concentrations, improved
digestibility and increased performance of the animal.
Despite the positive effects of chemical treatment with
hydrolytic or oxidative agents, in improving nutritive values
of low quality roughages, chemical treatments in general can
have a negative impact on the environment. This, as well as
the risk to operators, should be taken into account when such
processing techniques are being considered (Fahey et al., 1993).
Biological treatment
Biological treatment of roughages offers the advantage of
fewer chemicals and lower energy input for treatment than
are required for chemical and physical manipulation. Biological
treatment of fibrous feeds has advantages, which include an
improvement in digestibility of the lignocellulose, an
improvement in feed quality and the destruction of harmful
compounds present in the feedstuffs. However, the clear
disadvantages are much longer times required and the losses
of readily degraded constituents of the substrate straws (Berger
et al., 1994).
Many of the white rot fungi (WRF) are known to
metabolise lignin, cellulose, and other fibrous components in
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wood species. Their capability is due to the presence of several
enzymes involved in lignin degradative process. These enzymes
include ligninases  (lignin peroxidases), phenol oxidases
(laccase), Mn-dependent peroxidases, H 2O2-producing
enzymes (Kirk and Farrell, 1987).
However these organisms grow slowly in agricultural
residues even though they have been shown to metabolise lignin
and cellulose. The results of other studies on digestibility of
treated materials are variable from no or little effects to
significant improvement in vitro and in vivo digestibility.
Similarly reports in performance studies are also variable, from
unacceptability of treated materials by the animal to no
difference between treated and untreated materials in intake
of animal (Langar et al., 1982).
One of the disadvantages of using WRF to improve
roughage digestibility is the loss of OM associated with fungal
growth (Berger et al., 1994). The ideal organism for treatment
of lignocellulosic materials to improve digestibility would be
capable of (i) degrading structures that limit fermentation (e.g.,
lignin) without removing structure that can be effectively used
by animal (e.g., carbohydrates); (ii) growing rapidly to
minimise treatment time; and (iii) competing effectively against
other existing microorganisms (Fahey et al., l993).
Another biological method that has been used to increase
digestibility of fibrous feeds is the use of enzymatic treatments.
Fungal cellulase added to a rice-hull based diet improves the
in vivo digestibility of DM, energy, and crude protein. It was
also reported that the use of several commercial cellulases
improved in vitro digestibility of Panicum maximum (Vanbelle
and Bertin, 1989). However, Nakashima et al. (l988) reported
that degradability of rice straw was not affected by treating it
with a polysaccharidase containing a broad spectrum of
activities. Moreover a negative response was reported in which
in vitro digestibility of barley straw, ryegrass, and alfalfa treated
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either with cellulase or hemicellulase decreased (Morrison,
l988). Similar study indicated that there was no significant
change in chemical composition and no significant
improvement in digestibility of barley straw treated with a
ligninase enzyme from P. Chrysosporium (Khazaal et al., l990).
This may mean that such enzymes are only effective in the
presence of an additional array of enzymes that degrade other
macromolecular constituents, allowing these specific enzymes
to act.
While the use of WRF to treat lignocellulosics requires
refinement of techniques before it can be widely and practically
applied, the use of enzymatic treatment is limited by the costs
associated with its application. Further research is required to
overcome the challenges of getting beneficial effects while
minimising the adverse effects.
2.4 Factors affecting fibre digestion
The effectiveness of microbial fermentation of the
structural polysaccharides in forage cell walls is influenced by
several factors. Some of these factors are plant related; some
are related to the different rumen microorganisms, their
enzymatic capabilities and the balance established in the
rumen; and some are related to physiological factors of animal.
2.4.1. Plant related factors
Plant structural factors that limit extent of cell wall degra-
dation by ruminal microorganisms can be classified as either
mural (internal) or extramural (external) factors. Chesson and
Forsberg (1988) have summarised three main factors that limit
the susceptibility of the structural polysaccharides to microbial
attack in the rumen, namely: (i) lignification of the cell wall,
(ii) crystalline structure of cellulose, and (iii) limited fibrolytic
enzyme accessible space in the cell wall.
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Even though the structure of cell wall polysaccharides has
been hypothesised to limit their extent of degradation, no solid
evidence confirms this to be a significant factor affecting the
digestion of intact plant cells. The only mural chemical factors
that have been conclusively demonstrated to negatively affect
the extent of cell wall polysaccharides digestion is lignin. It is
well documented that forage digestibility declines with
increasing lignin concentrations (Van Soest, 1982). Jung and
Vogel (l986) found that a curvilinear model best described the
relationship between digestibility and lignin concentration,
indicating that the inhibitory effect of lignin on digestion
declined at higher concentrations.
In addition to these mural factors, some extramural factors
can influence the plant polysaccharide digestion. The cuticular
layer present on the plant surface as an external factor limiting
the digestion of cell wall (Akin, l979). The cuticle is indigestible
by rumen microorganisms and thus serves as a barrier
preventing the access of microorganisms to the outer surface
of plant material. Another extramural factor that has been
confirmed to restrict access of microbial cells to plant cells is
the warty layer lining the inner surface of lignified cell walls.
Even though the chemical nature of this layer is unknown
(Merchen and Borquin, 1994), cell wall material of barley straw
underlying the warty layer could only be degraded at positions
where the structure of the warty layer was disrupted (Engels,
1987). A final factor that can be considered as extramural
limitation to cell wall digestion is the poorly digested middle
lamella and primary cell wall of secondary-thickened plant
cell cells (Engels and Schuurmans, 1992).
2.4.2 Microbiological related factors
All three classes of rumen microorganisms, bacteria,
protozoa, and fungi are capable of digesting most of the
structural polysaccharides in forage. However, among the
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three classes of anaerobic microorganisms that occur in the
rumen, the majority of information on digestion of forage
cellulose is probably based only on bacterial activity.
Bacteria
The rumen contents usually include about 1010-1011
bacteria/ml, with up to 75% being associated with food
particles. The overall density does not vary greatly with the
diets of the host but the relative numbers of different species
present may be greatly affected by the substrate available for
fermentation. Even though hundreds of species of bacteria
occur in the rumen only about 30% are present at densities of
at least 107/ml in one or more species of ruminants. The most
important are those that ferment cellulose.
There are several species of cellulolytic rumen bacteria; the
most important appear to be Fibriobacter succinogenes,
Ruminococcus albus, and Ruminococcus flavefaciens (Weimer,
1996). These three species have common characteristics that set
them apart from other ruminal bacteria including secondary
cellulolytic species, such as Butyrivibrio fibrisolvens, Eubacterium
(formerly Cillobacterium) cellulosolvens, Clostridium longisporium,
and Clostridium locheadii, and from cellulolytic bacteria of habitats
other than the intestine (Dehority, 1966; Shane et al., 1969).
One of the obvious characteristics of the predominant
ruminal cellulolytic bacteria is their nutritional specialization.
They are nearly all restricted to cellulose and its hydrolytic
products as growth substrates (Hungate, 1966). Cellobiose,
a disaccharide, is one of the soluble products from cellulose
breakdown by cellulolytic bacteria. It is used both by the
bacteria, which produce it, and by other microorganisms,
which cannot themselves breakdown cellulose. If cellobiose is
not further hydrolysed it can inhibit the attachment of F.
succinogenes to cellulose and suppress the cellulase activity of
R. albus. In general, one may find many other species in
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association with cellulolytic bacteria, probably depending for
energy on the soluble products they release. The three species
listed above also break down hemicellulose but do not appear
to be able to use the products.
In order to break down the fibre component of forages,
cellulolytic bacteria have to colonise and attach themselves firmly
to the surface of plant fragments. This occurs quite rapidly, and
the small pioneer colonisers commence secreting enzymes which
disrupt the backbone of the cellulose molecule. Cell growth at the
site is required to increase the rate of enzyme production and the
rate of growth depends on both energy peak available and the
presence of other essential nutrients. There is evidence that
adherence is preferably at sites where the epidermis is damaged
which emphasizes the importance of particle reduction through
eating and ruminating (Tamminga et al., 1990).
Protozoa
Rumen protozoa are a significant part of the rumen
microbial ecosystem. The vast majority of protozoa in the
rumen belong to class Ciliata but a few flagellates also can be
found. These ciliates include some of the most complex
unicellular organisms that are known. Their density in the
rumen contents is normally only about 105-106/ml. Even
though their number is fewer than bacteria, their biomass, ~2%
of the weight of the rumen contents, represents 40-80% of the
microbial biomass (Harrison and MacAllan, 1980).
The different species range from approximately 25 to 250
µm in length. They grouped into seventeen genera within the
sub-class of Entodiniomorphida and two genera within the
sub-class Holotricha. These two main groups differ markedly
both in their morphology and their metabolism according to
their ciliary zones, the form of their macronucleus, their number
of skeleton plates, if any, and their contractile vacuoles
(Lubinsky, 1957).
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Ciliates differ from the bacteria in several other important
aspects: (i) they are highly motile, and invade newly ingested
food almost as rapidly as the bacteria  (Orpin, 1985), (ii) they
are able to store surplus carbohydrate in the form of a
characteristic insoluble polymer, amylopectin (Wakita and
Hoshino, 1980) (iii) they are more easily destroyed by acid
conditions than are many bacteria, (iv) they can not synthesize
amino acids from simple compounds of nitrogen and depend
mainly on bacteria which they engulf and digest (Williams
and Coleman, 1988).
However, like bacteria, ciliates occupy three biotopes: free
in the liquid of the rumen, bound to the plant particles, or
bound to the epithelium of the mucous membrane of the
reticulorumen. Ciliates found most commonly attached or
tightly associated with plant cell walls are in genera Epidinium,
Isotricha and Dasytricha (Bauchop, 1980). For Isotricha prostoma
and Isotricha intestinalis, the attachment may be a result of some
kind of chemotaxis towards the soluble sugars released by the
degradation of plant polyholosides (Orpin and Letcher, 1979).
In vitro studies have indicated that 19-28% of total cellulase
activity can be attributed to protozoa. However, digestion seems
to be limited to very susceptible tissue such as mesophyll cell
(Akin et al., 1989). The contribution of protozoa to fibre
digestion is restricted to large entodiniomorphid ciliates.
Holotrich ciliates are not considered to take part in fibre
digestion (Jouany and Ushida, 1999). Studies have
demonstrated that defaunation reduces the rate of fibre/ cell
wall degradation digestion (Bonhomme, 1990); the reduction
varies between 5-50%. This may be largely compensated for
by increased digestion in the hindgut (Ushida et al., 1991). In
the absence of protozoa, however, the bacterial population
increases and the requirement for non-protein nitrogen may
increase. It has been proposed by Ushida and Jouany (1990)
that a shortage of nitrogen may therefore account, at least in
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part, for this reduction in fibre digestion. Because the difficulty
of culturing protozoa free of bacteria, this microbial group has
been poorly assessed. More work on bacterial and protozoal
interactions in relation to the digestion of fibre and growth of
microbial biomass is essential.
Fungi
Orpin was the first to demonstrate that some of the sheep
rumen microorganism believed to be protozoan flagellates
were in fact zoospores of anaerobic phycomycetous fungi. The
considerable contribution of fungi to ruminal fermentation has
been recognised only quite recently.
The densities of fungal zoospores and fungal sporangia
are in the range of 103-105/ml ruminal fluid and 103-104/cm2
leaf blades (Romulo, et. al., 1986). The fungal biomass,
estimated by chitin content, has been shown to contribute
approximately 8% of total biomass (Orpin, 1981). Though
providing a useful first approximation, this method of
determination of the fungal biomass may not be reliable (Orpin
and Joblin, 1988) since the chitin content of rumen fungi varies
with growth conditions (Argyle and Douglas, 1989)
The life cycle of anaerobic fungi in the rumen generally
consists of two stages (Orpin and Letcher, 1979). Fungal
zoospores are the motile flagellated stage while fungal
sporangia are the non-motile or vegetative or reproductive
form. In the flagellated stage of the cycle they colonise damaged
regions of plant tissue within two hours of ingestion, moving
towards them in response to diffusing soluble material. The
vegetative stage then develops rapidly. By 22 h up to 30% of
the larger food particles maybe infected and invasion already
considerable, with fungal rhizoids penetrating the plant cell
wall (Barr et al. 1989). The life cycle of fungi in the rumen lasts
about 24-32 h (Bauchop, 1979).
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Anaerobic fungi have been shown to: (i) have some of the
most potent cellulases yet reported for any cellulolytic
microorganisms, (ii) have xylanases that are the most active of
all endo-acting polysaccharides yet studied, and (iii) colonize
and degrade recalcitrant tissue not digestible by rumen bacteria
(Akin et al., 1989).  In addition, the penetrative ability of rumen
fungal rhizoids or rhizomycelia through lignified plant cell walls
has been well documented (Akin and Rigsby, 1987).
Ultrasturctural studies have shown that the fungi gain access
to the intracellular contents of highly lignified plant cells by first
degrading the secondary wall; after extensive digestion, the
middle lamella regions are often penetrated by rhizoids and at
times totally removed, indicating the ability of rumen fungi to
degrade all plant cell layers (Akin and Borneman, 1989).
Therefore, although concentrations  of the fungi are
relatively low in comparison to those of the bacteria and ciliate
protozoa, they possess a wide range of enzymes which are
capable of hydrolysing most of the structural polysaccharides
occurring in plant cell walls (Williams et al. 1994). The fungi
also appear to be superior to the rumen bacteria in their ability
to break down and degrade the structural barriers in plant
material (Akin and Borneman 1989). They are able to weaken
and partially or fully degrade the more recalcitrant plant tissues
as well as penetrate the cuticle barrier (Akin et al., 1989). When
fungi were removed from the rumen, both feed intake and fibre
digestibility were decreased; however, total viable bacteria,
cellulolytic bacteria, or ciliate protozoal concentrations were not
affected (Gordon and Phillips 1993). Based on in vitro studies
with rumen fluid, using antibiotics and a fungicide to selectively
culture either the bacteria or fungi, Akin and Benner (1988)
concluded that in terms of overall effectiveness the bacteria were
the most active fibre-digesting organisms, even though fungal
numbers were increased in the antibiotic-treated cultures.
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2.4.3 Physiological factors
There are many physiological factors that can affect fibre
digestion in ruminants. These include the size of animal, species
of animal, physiological status of animal (pregnancy and
lactating), and level of intake. However, in this review the
attention will be focused on intake.
Increasing feeding level does increase passage rate and
this is usually associated with reductions in the extent of
digestion of DM and fibre by ruminants. At high intakes, the
depression of digestibility of structural carbohydrates was 2
to 3 times greater than that for digestibility of non-structural
carbohydrates (Tyrrell and Moe l975). Increasing level of
feeding reduced the digestion of potentially digestible fraction
between 82 and 85% at the lowest feed intake to between 70
to 75% at the highest level of intake. Similarly, Staples et al.
(l984) reported that total tract digestibilities of DM and NDF
decreased by 8 and 11% when level of feeding increased by
1.5x and 2x the maintenance level respectively. However, in
an extensive study, Bines et al. (l988) observed that there was
no negative effect of intake level on fibre digestion in dairy
cows. According to the authors that in many experiment the
level of intake is limited to twice of maintenance level and above
that level no further decrease in fibre digestion observed. In
addition, reductions of the extent of ruminal digestion are
usually compensated by increased contribution of the lower
tract to total digestion (Staples et al., 1984).
Actually, the digestion in the hindgut is less extensive
compared to that in other sites due to a much shorter retention
time than in the rumen. However, experiments with sheep
showed that from 17 to 60% of dietary cellulose and
hemicellulose enter the hindgut, 19-65% of those materials
disappear there (Ulyatt and McRae, 1974). Therefore, even
though hindgut fermentation is quantitatively less important
in terms of digestion than either ruminal fermentation or small
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intestinal digestion, it is clearly make significant contributions
to digestion and to the supply of energy to the host.
A decrease in fibre digestion is strongly related to high
rate of passage from the rumen. High rate of rumen passage
decreases ruminal residence time of digesta. Increased intake
results in increased rumen fill. As a result, concentrations of
volatile fatty acids (VFA) increase, with a concurrent decrease
in rumen pH. It has been well documented that cellulolytic
bacteria are very sensitive to low rumen pH.
2.5 Associative effects and fibre digestion
Associative effects occur when the apparent digestibility
of a mixture of feeds is not equal to that of the sum of the
individual component feeds. Associative effects are broadly
categorised into negative and positive associative effects.
Many studies have shown that non-structural
carbohydrates interfere with fibre digestion. Theories that have
been advanced to explain this negative interaction are (i) a
decrease in ruminal pH due to rapid fermentation of non-
structural carbohydrates, (ii) a preference by rumen
microorganisms for non-structural carbohydrates rather than
structural carbohydrates, (iii) competition for essential nutrients
(Merchen and Borquin, 1994) among the more mobile
organisms utilizing substrates and the particle associated
organisms utilizing fibrous components.
The main cause of negative associative effects was low
rumen pH. When the animals were fed a high quantity of
readily fermentable carbohydrate, rumen pH declines due to
accumulation of VFA ( Beauchemin, 2000).
Rumen digestion of fibrous components depends on
maintaining the pH in a narrow range. It has been shown both
in vitro and in vivo that the optimal pH for microbial digestion
of fibre is in the range of pH 6.6-7.0. Fibre digestion rate is
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significantly reduced at pH less than 6.2 and is negligible at pH
less than 6.0. The physiological process through which low pH
inhibits the cellulolytic bacteria is not yet completely understood,
but Hiltner and Dehority (1983) drew the conclusion that a
decrease of fibrolytic bacteria with low rumen pH was due to
decreased enzyme production or activity and an effect through
impaired attachment to surface of the fibrous particles.
On forage-based diets, rumen pH is usually in the optimal
range for cellulolysis because the animal secretes abundant
amounts of saliva containing sodium and potassium bicarbonate
and phosphate. Salivary secretions tend to maintain rumen pH,
but the amounts of various types of saliva secreted depend on
the physical characteristics of forage and vary between animals
(Beauchemin and Buchanan-Smith, 1990).
In addition to a pH effect, it has been suggested that starch
by itself may have a negative effect on fiber digestion (Mould
et al., 1983). When forage and readily fermented carbohydrates
(RFC) e.g. starch are fed, the rumen fibrolytic microorganisms
have to compete with microorganisms digesting RFC for
substrates such as ammonia, peptides, and sulphur for their
growth. Since the RFC is fermented more rapidly than that of
fibrous components, microbial substrates are likely to be utilised
preferentially by the microorganisms fermenting the RFC. If
substrates like ammonia and sulphur are limiting, the digestion
of fibrous components will then be most affected. Also there is
evidence that many fibre-degrading microbes preferentially
digest starch, so that the lag time to commencement of fibre
degradation usually increases when grain is fed together with
roughage (Mertens and Loften, 1980).
In addition, feeding regimes and feed processing methods
can influence the magnitude of associative effects. Ærskov and
Fraser (l975) observed that feed intake and digestibility of hay
improved in lambs given a supplement of whole barley rather
than one of rolled barley even though the rumen pH was
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maintained at the higher level. Moreover, the more extensive
the processing, the greater was the depression of hay intake.
Digestibility of ammonia-treated straw decreased 58% when
70% of rolled barley was included in the diet compared to
24% depression when the rolled barley was substituted with
sugar-beet pulp (Ærskov and Grubb, l978). The appearance of
associative effects may be due to the imbalance of nutrients
for fermentation. The negative effect associated with increased
level of starch in the diet on forage intake may be due to an
imbalance of N: energy in the rumen.
However, the depression of fibre digestion is typically not
severe until grain exceeds 30% of the diet (Hoover, 1986).
Additions of low level of grain increased fibre digestion
slightly. Replacing 25% of a hay diet with barley increased
cellulolytic bacterial counts (Mould et al., 1983). There is
evidence that when low level (<10% of the diet) of RFC are
mixed with low to medium quality forages, it increases
microbial digestion of forage and microbial protein synthesis.
Thus, supplementation with limited amounts of non-structural
carbohydrate may stimulate fibre digestion by increasing
microbial activity for attachment to fibrous digesta (Hiltner
and Dehority, 1983). A low level of grain supplementation
has also been shown to increase the protozoal population
which in turn decreases amylolytic and increases fibrolytic
activities of bacteria (Jouany et al., 1988).
Even though negative associative effects are common,
positive associative effects have been noted when different
forages sources, such as grass and legumes, are fed in
combination. These effects are commonly observed when one
forage source supplies a nutrient that is deficient in the other
forage (Merchen and Borquin, 1994). Also, positive associative
effects are generally observed when NPN or true protein
supplements are provided to ruminants consuming low quality
roughages (Dixon and Egan, 1987). There is little or no response
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to NPN or protein supplements when given together with high
quality forages (Leng, 1990).
Responses to protein supplements are not always
consistent, probably due to the range of materials used, which
differ in protein quality and degradability in the rumen. Also
variability in animal response may be due to the variable
amounts of microbial protein flowing from the rumen. Further
variability may also be associated with the physiological state
of the animal and thermal environment (Bird et al., 1990).
Availability of true protein is important for aminogenic and
glucogenic nutrients in the lower gut which could possibly
limit the animals’ intake of energy as a result of imbalanced
nutrient supply for metabolism (Preston and Leng, 1987).
Similarly, even though supplementing rations low in N
with urea may increase the intake and the digestibility of dry
matter, in some cases the effect was not significant. The effects
of urea supplementation on intake and digestibility appear to
be dependent upon the potential digestibility of the feed
(Ærskov and Grubb, 1978). The results of one study
demonstrating the positive associative effect are presented in
Table 2.2.
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Table 2.3 Effects of fishmeal and sugar-beet pulp on intake
and digestibility of straw supplemented with urea
or treated with ammonia
   Intake of           Digestibility of
Treatment Supplement Straw (g/d)          Straw (%)
Untreated straw + urea           - 414 49
Untreated straw + urea         FM 480 56
Untreated straw + urea        SBP 505 57
Untreated straw + urea FM and SBP 480 59
Ammonia treated straw           - 729 57
Ammonia treated straw         FM 690 59
Ammonia treated straw        SBP 717 59
Ammonia treated straw FM and SBP 658 64
SE of means 42.0 1.8
From: Silva et al. (l989). FM= fish meal (50 g/kg straw), SBM=sugar-beet pulp
(150 g/kg straw).
2.6 EVALUATION OF RUMEN DEGRADATION
CHARACTERISTICS BY TECHNIQUE
The nutritive value of forage depends strongly on its
digestibility. For fibrous crop residues and forages this is of
major significance because fibre from the roughage only
provides nutrients to the animal after fermentation. Therefore,
when formulating diets and predicting animal responses,
accurate estimates of digestibility are required.
In sacco technique is a procedure to estimate protein, starch
and other nutrients’ degradation in an empirical but direct
way (Mehrez and Ørskov, 1977). Using this method, feed
samples are placed in nylon bags with pore size of between 30
and 50 um (now closely specified to standardize the method
as far as possible). These are incubated in the rumen for various
lengths of times, yielding a degradation curve from which the
rate of degradation and changes in rate can be estimated
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(Ørskov and McDonald, 1979). By combining the rate of
degradation with an appropriate rate of passage, the method
also provides an estimate of the effective degradation of
protein, starch, fibre etc. in the rumen.
The commonly accepted equation used to determine rate
of degradation of material from the nylon bags is “p = a + b
(1-e-ct )” (Ørskov and McDonald, 1979), where:
p is the percent degradation at time t.
a, b, c, and t are constants.
a represents the materials which dissolve immediately in
the rumen.
b represents the insoluble but potentially degradable
fraction.
a + b represents potential degradability of material.
c represents degradation rate of the insoluble (b) fraction.
When using cellulosic materials, the observed value of
a sometimes is negative which is, in reality, not possible. An
explanation is that this is due to the presence of an initial lag
phase during which the rumen microorganisms colonise the
feed particles before the insoluble materials corresponding to
b begin to disappear (Ørskov and Ryle, 1990).
The problem of negative ‘a’ value can be solved by
measuring the actual amount of soluble materials (Ørskov and
Ryle, 1990), using a model that incorporates the lag time (to)
into the model (McDonald, 1981), or applying a program
especially built for this purpose (Dhanoa, 1988).  However,
whatever model is chosen, in order to define the asymptote
more accurately, it is important to include the data that not
belong to the lag time and have a longer incubation time such
as up to 72 h or up to 96 h for cellulosic material (Dhanoa,
1988).
The distinct disadvantage of this technique is that it
requires surgically prepared animals and is laborious to use as
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a screening method for large numbers of samples. In addition,
there are several factors that could affect its reliability as an
analytical tool. The method is therefore subject to a degree of
standardization based on specification for; (i) bag
characteristics, (ii) sample characteristics, (iii) dietary effects,
(iv) chemical analytical techniques applied to the residue, and
(v) microbial contamination. (Weiss, 1994).
Fabric type, size and uniformity of pores, and bag size
can affect in situ results (Weiss, 1994). For instance, nylon
has a higher N content compared to dacron which could
interfere with the results when used to study protein digestion
(Weakely, et al., 1983). In terms of pore size, pores should be
large enough to allow free exchange of fluid and
microorganisms between the bags and the rumen
environment but small enough to prevent the loss of
indigestible particles (Weiss, 1994). The optimum pore size
depends on the fabric materials but generally pore sizes
between 40 and 60 um are considered optimum. The implicit
assumption then is that the fine particles that are lost from
the bag have very high surface area, are readily colonized
and will be rapidly fermented. Another important point
regarding the bag characteristics is the ratio of sample size to
bag surface. For the bags with pore sizes between 40 and 60
um, sample mass to bag surface area should be no greater
than 10 mg of DM/cm2 (Nocek, 1985). If sample size increases
relative to surface area of the bag, the rate and extent of DM
disappearance decrease (Mehrez and Ørskov, 1977).
The diet fed to the recipient animal affects  in situ
disappearance results. The most important dietary effect is
caused by forage to concentrate ratio. When the amount of
concentrate/grain fed to the animal increases, the extent
and(or) rate of in situ disappearance of forages has been shown
to decrease (Weiss, 1994). In general, the negative effects of
increasing the grain ratio fed to fistulated test animals on in
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situ DM disappearance are greater with low quality roughages
(Lindberg, 1981).
Other factors that can contribute to the variability and
repeatability of in situ studies are some of the technical aspects.
The method of inserting the bags into the rumen, the location
of the bags within the rumen, and rinsing techniques used
can all affect in situ results. Paine et al. (1982) found that there
was no difference between standard method, inserting the bags
at the same time but withdraw them at different times, and
complete exchange method, inserting the bags into the rumen
at different times and withdraw them at the same time. But
Nocek (l985) found that the use of standard method resulted
in the slower rates of DM disappearance for soybean meal.
There are very few studies on the optimum placement of the
samples within the rumen. In general, the bags are placed in
the ventral sac of the rumen. The most important thing to be
considered when placing the bags is that they must be in
continuous contact with rumen digesta otherwise DM
disappearance will decrease. Including a weight in the bag to
ensure each bag is immersed well into the rumen digesta may
decrease bag to bag variation, but Mehrez and Ærskov (1977)
concluded that there was no benefit of practicing the method.
Considerable variation in the washing procedures used
has been highlighted in some review. The majority of studies
indicate that washing the bags following incubation can be
another important factor contributing to error and
considerable variation. Bags can be washed manually by
rinsing under could tap water or washing using washing
machine. Cherney et al. (1990) reported that there was little
difference in disappearance values when bags were washed
by hand or by washing machine; the question revolves around
the thoroughness of the process in removing materials that do
not represent the constituents of the feed; and not removing
any feed components that remain undigested. The assumption
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is that washing will not remove substances that have not
already been solubilized or fermented, which may be truer
later in the processes of degradation.
Another thing that should be considered when employing
the nylon bag technique, especially when the crude protein
degradation is studied is contamination of bags with rumen
microbes. Any microbial N remaining in the synthetic fibre
bag residues after washing results in an underestimation of
the degradability of dietary protein. The underestimation is
small for protein meals but a number of experiments indicated
that it was substantial for forages, especially forages containing
low N (Dixon and Chanchai, 2000).
Despite its disadvantages, the distinct advantage of using
in situ technique is that nylon bags incubated in fistulated
animals provide a powerful tool for studying associative
effects, positive or negative, of mixed feedstuffs: It can be used
to determine optimum combinations of feed, feeding regime,
degrees of processing concentrates to give maximum
utilization of mixed diets (Ørskov and Ryle, 1990). Due to its
directness, the nylon bag techniques have been adopted as a
standard procedure to evaluate the N degradability and
effective rumen degradable protein content of feedstuffs (SCA,
1990; AFRC, 1993).
2.7 Rumen microbial protein synthesis
Microbial protein synthesis (MPS) in the rumen requires
specific nutrients such as sulphur, branched chain fatty acids
and trace nutrients. However, under most dietary conditions,
the nutrient supply to the microbes is considered largely in
terms of ruminal availability of nitrogen and carbohydrate that
can be fermented in the rumen to provide carbon and energy
in the form of ATP for microbial protein synthesis.
Rumen degradation of protein from dietary feed
ingredients is one of the important factors influencing the
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supply of nitrogen for the synthesis of microbial protein. The
rate of degradation of crude protein determines the availability
(amount and time) of NH3, amino acids, peptides and branched
chained fatty acids that influence microbial growth rate in the
rumen. The rate and extent of ruminal degradation not only
affects the rate of microbial protein synthesis but also the
quantity and quality of undegraded dietary proteins that reach
the duodenum. The extent to which protein is degraded in the
rumen depends primarily upon microbial access to the protein
and ruminal retention time of the protein. Other factors
influencing protein degradation include protein solubility and
ruminal pH.
Although peptides, amino acids, and ammonia all may
individually serve as sources of N for various microbes, the
total population achieves the highest growth rate on mixture
of all three sources (Hoover and Stokes, 1991). Ammonia is
the main nitrogen precursor for rumen microbial protein
synthesis under practical dietary conditions and it is essential
for the growth of many species of rumen bacteria. However, a
study by Oosting (1993) showed that urea supplementation
did not increase the efficiency of microbial protein synthesis,
indicating that NPN was not the first limiting nutrient for
microbial protein synthesis. Other nutrients essential for
microbial protein synthesis such as sulphur, phosphorus and
true protein as a source of oligo-peptides and branched chain
VFA are more limiting (Hespell and Bryant, 1979).
In this respect, the amount of crude protein consumed is
only one possible limiting factor and in many circumstances
may not be of prime importance. Microbial protein synthesis
is very much related to the quantity of fermentable organic
matter ingested as well as the nature of the N source available.
Walker (l965) stated that one critical limiting factor for microbial
protein synthesis in the rumen was energy. Consequently ARC
(l980, 1984) proposed the use of ME supply from the diet as a
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prime determinant of microbial synthesis insofar as it reflects
the amount of fermentable substrate supporting microbial
growth. Energy is derived and captured as ATP from the
anaerobic fermentation of organic matter into VFA and
fermented gases. A variable yield of ATP and a variable pattern
of ATP use for the net synthesis processes contribute to
variability to the ratio of microbial protein and VFA production.
Therefore, a reliable estimate of microbial growth needs
knowledge on the amount of organic matter fermented in the
rumen (NRC, 1989).
There is a general agreement that the rate of digestion of
carbohydrate is the major factor controlling the energy
available for microbial growth. The major nutrients required
by rumen microbes are carbohydrates and proteins.
Determination of the levels and types of carbohydrate and N
sources needed for maximum organic matter or carbohydrate
digestion and microbial protein synthesis requires that studies
be conducted in a dynamic rather than static environment
(Hoover and Stokes, 1991). However, with dynamic state, there
are physiological conditions that, if not controlled, can greatly
modify microbial growth efficiency and nutrient digestion.
Important among these are pH and rumen dilution and
turnover rate.
It well established that reduced pH decrease digestion of
proteins, cellulose, hemicellulose, and pectins. Reduced pH in
the range of 6.5-5.5 also has been reported to decrease microbial
efficiency measured as YATP  (Ben-Ghedalia et al., 1989).
2.8 Estimation of microbial protein synthesis in the rumen
Microbial protein contributes a significant part of the total
protein flow into the small intestine in ruminants (AFRC,
1993). Various methods have been developed to differentiate
microbial and dietary protein in digesta leaving the ruminant
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stomach and entering the duodenum. Most of these techniques
are based on determination of single chemical marker that is
thought to characterize the microbial component. These
markers are either naturally present in the microbial cell
(internal markers) or they are introduced into the microbial
cell during their growth utilizing labelled substrates.
2.8.1 Methods based on digesta flow measurement
The main principle of this class of method is based on the
measurement of the proportion of microbial nitrogen in
duodenal digesta. The proportion of N in duodenal digesta
(A) is calculated as
A = (Mirobial:N) in rumen microbes/ (Marker:N) in
duodenal digesta.
Various microbial markers have been developed. These
include diaminopimelic acid (DAPA), aminoethylphosponic
acid (AEPA), nucleic acids (RNA, DNA, or purines), and
radioactive as well as stable isotopes (35S, 32P, 15N).
Stern and Hoover (1979), however, indicated that all of
the microbial marker methods have a common problem.
Isolation of microbial cells from ruminal or duodenal digesta
is one of the most difficult aspects of ruminal microbial
investigation. The results obtained using different markers
rarely agree (Stern et al. 1994).
Currently, the two most commonly used microbial
markers to differentiate between microbial and dietary protein
are DAPA and purines. However, DAPA is absent in protozoa
and some bacteria and is subject to extensive metabolism. In
their extensive review on markers for quantifying microbial
protein synthesis in the rumen. Broderick and Merchen (1992)
concluded that a simultaneous determination of total purines
and the use of the 15N method has the best chance of getting
reliable results.
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In addition, variability can be contributed by the ratio
between bacteria associated with the fluid (FAB) and those
associated with feed particles (PAB). The proportion of bacteria
associated with feed particles may vary between 50 and 80%
(Oosting, 1993). Chemical composition differs between FAB
and PAB (Craig et al., 1987) and differences exist in outflow
rate between rumen fluid and feed particles and, as a result,
also between FAB and PAB. Furthermore, diurnal variation
in composition of FAB and PAB is often not taken into account,
a problem that can be overcome to some extent by taking
samples more frequently and spread over a period of 24 h. As
an alternative, bacteria have sometimes been isolated from
duodenal digesta (Yang and Poncet, 1993).
In general, however, there are some disadvantages of these
methods. These methods require ruminally and post ruminally
cannulated animals. Use of cannulated animals is invasive and
very costly. Measuring intestinal digesta flow is also tedious
and sometime complicated (Poncet et al., 1995).  They require
prolong steady intraruminal infusion of isotopes and
separation of ruminal microbes. In addition, surgical invasion
may cause some changes in the physiology of digestion, reduces
feed intake, and may limit the number of experimental animals
that can be used (Chen and Gomez, 1992).
2.8.2 Method based on purine derivatives
The technique for the estimation of microbial protein
supply using urinary excretion of purine derivatives (PD) as a
parameter has been developed in response to the increasing
concern for animal welfare. The distinct advantage of this
method is that it does not require any surgical preparation
and it can be incorporated into N balance and digestibility
trials since only urine collection is needed. In addition, analysis
of purine derivatives is also very rapid, accurate and suitable
for large numbers of samples.
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The use of urinary PD as a metabolic marker of microbial
protein synthesis in ruminants was brought to the attention
when Topps and Elliot (l965) reported for sheep a highly
significant correlation between the rumen concentration of
nucleic acids and the excretion of PD in the urine. Nucleic
acids flowing to the small intestines are predominantly of
ruminal microbial origin (McAllan and Smith, 1973). Urinary
PD, being primarily the degradation products of absorbed
microbial nucleic acids, could be a potential method to measure
the microbial protein digested by the animal (Balcells et al.,
1991).
The principle of the PD method is simple. Ruminant feeds
usually have a low purine content most of which undergoes
extensive degradation in the rumen as the result of microbial
fermentation. As a consequence the nucleic acids leaving the
rumen are mainly of microbial origin. The microbial nucleic
acids are degraded, releasing nucleosides and free bases in the
small intestine. Salvageable purine nucleosides are utilised for
synthesis of tissue nucleic acids or to replace the endogenous
purine loss. The unutilised nucleic acid purines are metabolised
into their derivatives (hypoxanthine, xanthine, uric acid and
allantoin) and excreted in urine (Chen and Gomez, 1992).
As the excretion of the PD is directly proportional to the
purine absorption, from the knowledge of total N ratio in the
microbial biomass, and from the amount of purine excreted,
the amount of purine absorbed can be estimated from PD
excreted in the urine. Chen et al (l990a) proposed a model
describing a quantitative relationship between excretion of PD
and absorption of exogenous purines in sheep as follow:
Y = 0.84X + (0.150W0.75 e-0.25X)
while the equation for cattle is proposed by Verbic et al.
(1990) as
Y = 0.85X +(0.385 W0.75)
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For both equations: Y is urinary excretion of total PD
(mmol/d); W0.75 is metabolic body weight of animal; X is
absorbed exogenous purine (mmol/d). The component within
parenthesis represents the net endogenous contribution of PD
to total excretion after correction for the utilization of microbial
purine by animals.
Intestinal flow of microbial N (g N/d) from the absorption
of the microbial purines (X mmol/d) is then calculated as:
MPS (g/d) = (Xx70)/0.83x0.116x1000 = 0.727 x X  (Chen
and Gomez, 1992).
Where: the value of 0.83 is the mean value of microbial
purine digestibility from various studies summarized by Chen
and Gomes (1992), the value of 70 is the N content of purine,
and the ratio of purine:total N in mixed rumen microbes is
assumed constant as11.6:100.
However, in applying this method, care should be taken
for several reasons. Firstly, the technique is based on several
assumptions; all the nucleic acid purines entering the small
intestine are of microbial origin, and the purine: protein ratio
in mixed rumen microbes is a constant. Whether a dietary
regime can drastically alter the value of this ratio is not known.
Secondly, marked differences in purine metabolism have been
demonstrated in several species including sheep, cattle, and
buffaloes (Chen et al., 1990c, 1995a, 1996). It is important to
note that different equations will need to be used with different
animal species for the calculation of microbial N supply based
on PD excretion. Equations have been established so far for
European sheep (Chen et al., 1990b) and cattle (Verbic et al.,
1990), the parameters of which have been confirmed by studies
in separate laboratories (Balcells et al., 1991). In addition, there
are strong indications that equations developed using
European animals may not work with animals in the tropics.
Animals in the tropics appear to excrete a smaller proportion
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of the plasma PD in the urine than those in temperate areas
(Pimpa et al., 2003).
The accuracy of the results obtained based on the purine
techniques have to be assessed more extensively in the future.
At this stage, one should not take the estimates of microbial N
based on PD excretion as absolute values, but as values for
comparative purposes (direction of change, difference between
diets etc). Measurements of PD excretion have proved useful
in many studies on microbial protein production from forage
feeding. This technique has been used in studies to examine:
(i) how the source and level of N in the diet alter microbial
protein supply (Susmel et al.,1995). (ii) the efficacy of
supplementing straw or silage with carbohydrates or
concentrates (Gomes et al., 1994), (iii) the effect of phosphorus
supply on microbial protein synthesis (Gunn and Ternouth,
1994); (iv) the effect of rumen outflow rate on microbial protein
flow (Chen et al., 1992).
The application of the technique under farm conditions
appears to be limited by the difficulty of carrying out a 24 h
collection of urine. Alternative methods therefore need to be
researched. Possibility of using spot urine test as alternative
has been investigated. The results indicate that it is possible to
use the average ‘PD-to-creatinine’ ratio in several spot urine
samples collected within a day as an index of microbial protein
supply (Boonek et al., 2001), but the sensitivity is, of course,
lower than that based on total urine collection. Another method
that has been investigated is “Purine Nitrogen Index” (Subba,
1997). Recent studies indicated that the ratio of purine N to
total N (called the ‘purine nitrogen index’ in spot urine samples
could potentially be used to identify situations where rumen-
degradable N (RDN) is inefficiently used for the synthesis of
microbial protein. Similarly, it has been suggested that milk
allantoin could be used as an indicator of microbial protein
production in dairy cows but its potential use may be limited,
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because concentrations in milk are much lower than in urine
and milk allantoin as a proportion of the total excretion appears
to vary with milk production (Shingfield and Offer, 1998).
2.9 CONCLUSION
Ruminants can be differentiated from non-ruminant
animals by their capacity to utilize high lignocellulosic
materials in their diet. However, the intrinsic problems of these
materials are low voluntary intake and digestibility. Two
common approaches to improving the nutritive value are either
by pre-treatment (processing) or by feed supplementation.
Pre-treatment of low quality roughages can be categorised
into physical, chemical, and biological treatments. These have
been studied extensively all over the world for many years.
But one physical treatment that has not yet been studied
intensively is microwave radiation, even though the use of this
technique in the area of wood science has been established for
quite some time.
In addition, even though there has been extensive
experimentation on types and amount of supplements to low
quality roughage, there remains controversy about roles of
different classes of supplements for improving the nutritive
value of low quality roughages, especially, the relative
importance of various forms of additional ME, nitrogen to
supply substrate for rumen microorganisms or of digestible
undegraded protein digested in the small intestines.
The experiments reported in this book were aimed at
increasing our knowledge on optimising the utilization of fibre
in ruminant diets through feed supplementation, feed
processing and feed management. Effects of treatment were
evaluated using various techniques including chemical analysis,
digestibility (in vivo, in vitro, and in sacco), and use of PD
technique to estimate rumen microbial protein supply to
duodenum.
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Chapter 3
EFFECTS OF ABRUPT CHANGE FROM
ROUGHAGE BASED FEEDING TO HIGH
GRAIN FEEDING ON RUMEN PH AND
RUMEN DEGRADATION
CHARACTERISTICS OF DIFFERENT
ROUGHAGES IN DAIRY COWS
3.1. INTRODUCTION
High-quality forages are important to dairying; they are
required to maintain energy intake, rumen buffering capacity,
and milk fat concentration. However with high producing
cows in early lactation, forage alone cannot fulfil the energy
requirements for maximum milk and milk solid production
because the requirements for nutrients are demanding in terms
of not only amounts but also balance. Dairy cows require large
quantities of amino acids and glucose to maintain high milk
production.
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In early lactation, cows often suffer primarily from
a shortage of energy and possibly protein (McCarthy et al.,
1989) due to the fact that DM intake increases more slowly
than milk production and maximal DM intake does not occur
until after peak milk production. Dairy cows at this stage of
lactation usually mobilise and metabolise endogenous sources
of energy, protein and mineral to support milk production. To
achieve high peak milk production and possibly to spare
excessive mobilization that may affect subsequent
performance, the quantity of nutrients supplied to cows at this
time must be kept as high as possible. Only when the biological
impact of various feeding strategies is known can the economic
aspects be optimised. There are two approaches for increasing
the availability of nutrients for milk production: 1) increase
the quantity and improve the ratio of ruminal fermentation
end products, 2) supplement with nutrients that will escape
ruminal fermentation and pass to the small intestine for
absorption (Clark and Davies, 1983).
Under feeding conditions to maximize productivity,
forages are seldom the sole source of feed for dairy cows. High
grain/concentrates are usually included in the ration in order
to match the requirements for essential nutrients. The typical
amount of concentrate used in the ration of lactating dairy
cows is between 30-50% and 70-50% (Conrad and Martz,
1985). This proportion is intended to balance the needs of the
animal for the required nutrients and the need for a stable
and healthy rumen condition. Because concentrates are
fermented very rapidly in the rumen, the higher rate of
fermentation means more VFA production per unit time and
lower rumen pH. When the rate of production of fermentation
acids, and particularly a shift to lactic acid production, exceeds
the animals’ ability to remove or buffer the acid produced,
acidosis can occur (Beauchamin, 2000).
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The term “acidosis” is used collectively for digestive
disturbances of the rumen and intestines. However, acidosis
of ruminants often is separated into several forms, including
acute and chronic acidosis. Animals show signs of acute
acidosis as an obvious illness following consumption of readily
fermented carbohydrates in amounts sufficient to reduce
ruminal digesta pH to below 5.2 (Cooper and Klopfenstein,
1996). Clinical diagnosis depends on measurements of rumen
digesta, blood or urine acidity. Acute/clinical acidosis is
characterised by blood pH below 7.35 due to a decrease in
the alkali of body fluids relative to acid content (Owens et
al., 1998). Other characteristics of acute acidosis are loss of
appetite, rumen stasis, diarrhoea, dehydration and lethargy
(Elam, 1976). While acidosis can occur without build-up of
lactic acid (Owens et al., 1998), lactic acid concentrations in
the rumen exceeding 40 mM are indicative of acute acidosis
(Beauchemin, 2000).
With chronic acidosis, feed intake and performance are
reduced, but animals may not appear sick. Britton et al. (1991)
has used variation in feed intake between days as an index of
subacute or chronic acidosis based on the concept that an
increased variability from day to day in feed intake by
individual animals is associated with feeding acidotic diets.
Even though clinical acidosis is a highly obvious problem
with economic significance for feedlot and dairy industries,
the occurrence of mild/subclinical acidosis can affect more
animals and reduce performance to an extent that is of
concern for the dairy industry. When the rumen digesta pH
falls below the optimum point for fibre digestion but remains
higher than for clinical acidosis (pH > 5.2), this condition
can be categorised as subclinical/chronic acidosis. The
ruminal pH of 5.6 is often used as a benchmark for chronic
acidosis (Cooper and Klopfenstein, 1996). Unlike conditions
of acute acidosis, lactic acid concentrations do not usually
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increase during subclinical acidosis, and concentrations rarely
exceed 5 mM (Oetzel et al., 1999).
In addition to economic losses attributed to health and
appetite problems caused by subclinical acidosis feed costs per
unit product also increase due to poor or slower rate of fibre
digestion and lower efficiency of conversion of feed to milk
(Beauchamin, 2000). Low rumen pH with high grain or
concentrate feeding retards growth of fibrolytic bacteria through
deleterious effects on energy available for growth, decreased
enzyme production or activity, or impaired attachment to fibrous
digesta (Hiltner and Dehority, 1983). The importance of rumen
pH for rumen metabolism is, however, difficult to assess. The
extent of the influence depends on the relative importance of
minimum pH, mean pH or the length of time that pH remains
below a critical value. The rumen pH values which are
considered to be critical for a decrease in fibre degradation or
cellulolysis vary from less than or equal to 6.5 (Stewart, 1977) to
6.0 (Mould and Ørskov, 1983).
Not only the amount of grain/concentrate but also type
of grain and method of processing in the mixed diet can have
a significant influence on rumen pH and a negative effect on
fibre digestion. When diets with equal ME content are
formulated to contain the same amount of forage fibre, cows
fed diets containing barley tend to have a rumen pH that is
about 0.2 units lower than for cows fed corn (Yang et al., 1997).
This difference is attributed to different starch digestion
characteristics between those two grains, the rate of starch
digestion of barley grain being greater than corn.
Also the different components of fibre that can be
distinguished in plant particulate material are attacked by
different microorganisms. For instance, cellulose is degraded
in the rumen by combined actions of anaerobic
microorganisms that include bacteria, protozoa, and fungi. The
cellulolytic bacteria adhere to surface of the cell wall, placing
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the enzymes in close proximity to the substrate (White et al.,
1993). By action of several extracellular enzymes: endo-β-1,4
glucanase, exo-β-1,4 glucanase, β-1,4 glucosidase that are
either bound to the surface of the organism or secreted into
the surrounding medium, cellulolysis can be accomplished
(White et al., 1993). However, utilization of native cellulose by
ruminal microorganisms to some extent is limited by it
association with lignin and intrinsic factors such as degree of
crystallinity (Kerley et al, 1988). Similarly, degradation of
hemicellulose in the rumen appears to follow the pattern of
cellulose degradation but involves a broader array of enzyme
activities (Moore and Hatfield, 1994).
This study was designed to evaluate the effects of an
abrupt change from roughage based-diets to a high grain diet
on rumen conditions in the dairy cow. Degradation
characteristics of different roughages in the rumen under those
conditions were evaluated, particularly the relationships
between rumen pH, rumen fibre degradation characteristics
and the chemical and physical characteristics of fibre content
of the roughages. The hypothesis tested in this study was that
the fibre degradation rate is markedly reduced when pH falls
and different types of fibre are affected to different extent by
the change in rumen conditions.
3.2. MATERIALS AND METHODS
3.2.1. Animals
This experiment was approved by Animal
Experimentation Ethics Committee, Victorian Institute of
Animal Science, and conducted at the Beef Research Facility,
Joint Facility for Food and Animal Research at Werribee,
Victoria (Australia).
Three mature (7 year old) non-lactating dairy cows of
average body weight 576 ± 42.9 kg were supplied by the
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Ellinbank Dairy Centre for use in this trial. The cows were
permanently equipped with rumen fistula closed with
a cannula with internal diameter 10 cm. Each cow was penned
individually and was cared for according to the guidelines on
animal care established as standard operating procedure by
NH&MRC/CSIRO.
3.2.2 Experimental design and feeding
The experiment was divided into two periods,
a preliminary period (P) which lasted for 4 weeks (day 1-28)
and a challenge period (C), conducted over 3 days (day 29-
31). During period P, each cow was given ryegrass hay ad
libitum. In period C, which followed immediately, each animal
only received crushed barley as follows: on the first day (day
29), 5 kg crushed barley at 08:00; on the second day (day 30),
5 kg grain was given at 09:00 and another 5 kg at 10:00. At 48
h of period C, rumen digesta pH fell to around 5, and from
this time (i.e. day 31), the animals were given access to the
ryegrass hay roughage. Animals had a free access to water.
Because the induction of acidosis by grain feeding is a
variable process occurring with different severity in individual
cows in a period of time, the experiment was of necessity based
on changes occurring in each cow over a time course.
3.2.3 Rumen digesta sampling
Rumen digesta was sampled during both periods P and
C. For the former, the samples were obtained in the last three
days at 0, 3, 6, 12, 24, 27, 48, and 72 h. For the latter, rumen
digesta was sampled at 0, 1, 3, 6, 9, 12, 24, 27, 32, 36, 46, 48,
52, and 72h. More sampling times were taken during period
C than those during period P because it was predicted that
the rumen pH would fluctuate more during this period.
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The rumen digesta samples were immediately strained
through three layers of cheesecloth and the fluid was retained
for rumen pH. It was determined on site (usually within 1 –2
min) using a portable pH meter (HI 8424, Hanna Instruments
Srl, Italy). The remaining rumen fluid samples obtained at 0,
6, and 12 h for three days during each of periods P and C
were acidified with 5-6 drops of concentrated H2SO4 before
freezing for later analysis for rumen NH3-N and VFA.
3.2.4 In sacco experiment
To obtain quantitative information about rumen
degradation characteristics of different roughages under the
two conditions established in periods P and C, a nylon bag
study was performed following the procedure of SCA (1990).
Bags were made from a nitrogen-free, woven polyester cloth,
with heat-sealed edges, pore size 35-65 um and with outer
dimensions of 7.5 x 15 cm (Ankom technologies, USA).  The
roughage samples (oaten chaff, OC; lucerne chaff, LC; and
barley straw, BS) for incubation were prepared by milling
through a hammer mill to pass a 2.5-mm screen.  The weight
of the clean, dry, and labeled nylon bag was recorded before
transferring approximately 5 g of air-dry sample into each bag.
The incubation was conducted according to the standard
method (all in/gradual out system). A set of 30 bags (5
incubation times x duplicates x 3 different roughages) was
suspended in the rumen of each cow. The number of bags
required for each period was thus 90 and the total number of
bags for the entire study was 180. To ensure that the nylon
bags did not float inside the rumen, each bag was tied to a
metal weight (1 kg weight) using nylon cord and anchored to
the rumen cannula. For each cow, six of the bags (two for
each roughage) were withdrawn at each of the following times;
6, 12, 24, 48 and 72h after commencement of the incubation,
respectively. The average value of duplicate bags for each cow
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was treated as the experimental unit. Immediately after
withdrawal, the bags were washed for about 10 minutes in
running tap water to remove excess ruminal contents and
microorganisms on the surface of the bags and then held in
the freezer for subsequent steps in preparation and analysis.
After all the bags had been recovered, the bags were
washed in a washing machine for 15 min without spinning
and then dried in the oven at 55o C for 48 h to determine dry
matter weight of the residue. To determine zero time loses,
9 bags containing the same samples as incubated (3 bags for
each roughage) were soaked in warm tap water (39o C) for
1 h followed by washing and drying as for the incubated bags.
3.2.5 Laboratory analysis
The feed samples (ryegrass hay and crushed barley) and
samples of roughages used for the in sacco experiment were
analysed for DM, ash, N, acid detergent fibre (ADF), neutral
detergent fibre (NDF). Prior to laboratory analysis, all samples
were ground to pass a 1-mm screen. Rumen fluid samples were
analyzed for total NH3-N content and total VFA.
DM content was determined by drying at 100oC in the
oven for 24 h (Qualtex, Universal series 2000, Australia).  The
percentage of ash was determined by igniting the samples for
6 h at 550oC. Organic matter (OM) was calculated as
100-%ash (DM). Total N content of feeds and rumen fluid
samples were determined by the Kjeldahl procedure (AOAC,
1990) with automatic titration (Radiometer, Copenhagen,
Denmark). Fibre composition (ADF and NDF) was analysed
according to the procedure of Goering and Van Soest (1970).
Rumen VFA concentration was analysed by a gas
chromatograph (GC; Hewlett-Packard, Model 5890, Series II).
Tubes containing rumen fluid samples were thawed to room
temperature and then 5 ml of rumen fluid from each tube was
centrifuged at 3500 rpm for 10 minutes. An aliquot of 2.5 ml
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of the supernatant was transferred into labelled
microcentrifuge tubes then further centrifuged for 15 minutes.
From this a sub sample of 0.7 ml supernatant plus 0.4 ml of
working internal standard were pipetted into 2 ml GC vial.
VFA standard was prepared by pipetting 0.7 ml VFA standard
solution and 0.4 ml working internal standard solution into
2 ml GC. Working internal standard was provided by mixing
5 ml internal standard solution (8ml isocaproic acid in 98%
formic acid to 500ml volume) with 5 ml metaphosphoric acid
in a 25 ml volumetric flask and made to the volume with formic
acid 95%. In this procedure 1 l of the sample or VFA standard
was injected onto the column as split mode injection. The run
was temperature programmed with a constant flow rate of
2 ml/min.
3.2.6 Calculation
Fitted curve analysis was planned to be used in
determining rumen degradation characteristics of the nylon
bag samples on both periods P and C. That model expresses
degradation rates as P = a + b (1 –e -ct). However, the
degradation characteristics during period C did not follow the
exponential model for the parameter c (fractional degradation
rate, FDR) and tended to be linear. Therefore, for the purpose
of comparison, FDR of DM over each incubation interval for
both period P and C was calculated as follows:
FDR (%/h) = percentage of DM removed from the bags
over the given specific interval of incubation time.
It is important to note that for each of these measurements
the errors at each time (beginning and end of the respective
incubation period) are compounded.
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3.2.7 Statistical analysis
The average rumen pH, rumen NH3-N, and rumen VFA
during period P were compared with those for period
C according to t-test (pair comparison) using statistical
software Minitab (Minitab Inc., 2000). FDR of DM was
analysed according to a time sequence design under a factorial
arrangement (2 periods or treatment conditions, P and C;
3 different roughages, LC, OC, and BS; 5 incubation periods,
0-6, 6-12, 12-24, 24-48, and 48-72h) using GLM procedure of
statistical software Minitab (Minitab Inc., 2000).
3.3 RESULTS
3.3.1 Chemical composition
The chemical composition for each of the diets and each
of the samples for the rate of degradation measurement
measurements (nylon bag) is presented in Table 3.1.
Table. 3.1 Chemical composition of the diets and the samples
for nylon bags
            Diets    Nylon bag samples**
Nutrients                Ryegrass    Crushed  LC          OC            BS
 Hay barley
DM (g/kg) 904.9 892.5 918.1 918.4 929.0
Composition (g/kg DM)
Ash  77.1  18.3  91.2  41.7  61.6
OM 922.9 981.7 908.8 958.3 938.4
CP 119.4 103.1 180.9 54.5 21.10
NDS 338.5 729.2 434.1 319.1  52.7
NDF 584.4 252.5 474.7 639.2 885.7
ADF 340.2  61.1 337.6 340.1 526.2
ME (MJ/kg DM)*   9.2  13.3   8.5  7.2  6.4
*Adopted from AFRC (l993).
**LC: lucerne chaff, OC: oaten chaff and BS: barley straw.
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The most distinct difference between diets received by the
animals during period P and C was in their fibre composition.
The NDF concentration of ryegrass, the sole feed consumed
during period P, was more than twice crushed barley
consumed during period C. Similarly, the ADF content of
ryegrass was almost 6 times higher than that of crushed barley.
In addition to the difference in chemical fibre, the physical
form of the diets during those two periods was different (long
chopped hay vs. crushed grain). Since the feeding system
during the period P was ad libitum, the amount of roughage
consumed was not recorded.
In the first 48 h of period C, animals received a daily
increment of 5 kg crushed barley. On the first day of period C,
animals were able to finish the grain offered. Similarly, they
were able to finish 10 kg of the grain offered on the second
day of period C.
3.3.2 Rumen fermentation parameters
Rumen pH
The rumen pH patterns of individual cows during the
period P and C are illustrated in Fig. 3.1 and Fig. 3.2,
respectively, while Fig.3.3 compares the mean of rumen pH
during those two periods.
It was clear (Fig. 3.1) that rumen pH did not fluctuate
greatly during period P. The average rumen pH was 6.84. In
contrast, over the 3 days of period C the rumen pH fell
significantly with time (Fig. 3.2). Within twelve hours, pH fell
from 7.0 to around 6.0 and fell further to just above 5.5 at 24h.
At 48 h in period C the rumen pH of two cows fell below 5.0
and the animals were then given access to roughage. With
inclusion of roughage at 48 h, pH rose to about 6.0 at the 72 h
sampling time.
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Fig. 3.2 Rumen fluid pH pattern of individual cows during period C.
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Fig. 3.1 Rumen fluid pH patterns of individual cows during the last 3
days of period P.
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Fig.3.3 shows the comparison of the rumen pH means
and standard deviations during period P and C. Overall, the
average rumen pH of period P was 0.70 units higher (P<0.05)
than that of period C (6.8 vs. 6.1). The differences in pH were
variable during the entire three days of comparison. Before
morning feeding (0 h) and 6 h after feeding, the ruminal pH
values for P and C were similar (P>0.05) (7.0 vs. 7.1 and 6.7
vs. 6.6, respectively). At 12 h after feeding, the average rumen
pH in P and C groups was significantly different (P<0.05),
being 6.7 and 6.2, respectively. The rumen pH value was
further decreased significantly (P<0.01) at 24h where the value
for C group fell to 5.7 whereas the pH value for period P was
6.9. The greatest difference (P<0.05) in rumen pH between
periods P and C was detected at 48h when the rumen pH of C
group was 1.8 units lower than that of period P (6.83 vs. 5.06).
At 72 hours, when all cows in period C had received hay, the
pH had returned to 6 but was still significantly (P<0.05) lower
than at times 24, 48, and 72 for period P.
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Fig.3.3 Comparison of the mean of rumen fluid pH pattern between
period P and C (means of 3 cows).
74
Rumen NH3 and VFA
Data for rumen NH3-N and rumen VFA is presented in
Table 3.2. Rumen NH3-N during period C tended (P< 0.08) to
be less than that in the period P. Total concentrations of VFA
were significantly (P<0.05) higher during period C compared
to those in period P. In terms of molar proportions of individual
VFAs, there was a moderate change from period P to period
C but the ratio of acetate to propionate was altered significantly
from around 4 during period P to 2.5 in period C.
Table 3.2 Mean rumen NH3-N, total VFA and molar propor-
tion of individual acids during periods P and C
Measurement Period P Period C s.e.m       Difference
(P<)
Rumen NH3-N (mg /l) 43.7 13.8 8.6 0.074
Rumen VFA (mM/l) 63.6 71.0 1.01 0.012
Molar proportion (%)
   Acetic 69.1 53.9 4.96 0.092
   Propionic 17.4 21.3 2.62 0.279
   Iso butyric 1.1 0.23 0.23 0.060
   Butyric 9.5 18.3 5.3 0.238
   Isovaleric 1.5 0.4 0.30 0.069
   Valeric 1.4 5.8 2.21 0.182
   Ratio Acetic/propionic 4.0 2.5 0.24 0.025
3.3.3 Rumen degradation characteristics of roughages
Cumulative DM disappearance from nylon bags during
period P and C for LC, OC, and BS is given in Table 3.3.
For LC and BS, rate of DM disappearance (DMD) from
the bags incubated in the rumen of cows for different times
during period P was significantly greater than that during the
equivalent incubation time in period C. For OC, DMD was
similar in periods P and C for the first 12 h of incubation period,
but by 24 h onward of incubation time rate of DMD followed
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a similar pattern to that for LC and BS. Across the entire
incubation time, the biggest difference in the rate of DMD
between period P and period C was observed in the interval
24 to 48 h. During that period, the rate of DMD of LC, OC,
and BS decreased 33%, 34% and 65%, respectively.
Table 3.3 The rate of DM disappearance (mg/g DM) of LC,
OC and BS from nylon bags during periods P and C
The rate of DMD data for each tested roughage were fitted
to the model P = a + b (1 –e-ct) and the results for calculation of
rumen degradation constants based on that model are given
in Table 3.4.
            Period P        Period C        s.e.m          Difference
     (P <)
Lucerne chaff
  0 – 6 431.3 396.0 5.2 0.021
  6 – 12 542.6 446.4 9.8 0.010
12 – 24 673.3 461.7 9.6 0.002
24 – 48 711.5 478.7 6.9 0.001
48 – 72 735.1 561.2 16.3 0.009
Oaten chaff
  0 – 6 356.4 358.4 9.8 0.853
  6 – 12 416.2 376.9 17.9 0.159
12 – 24 526.0 390.5 23.5 0.029
24 – 48 603.3 400.1 21.6 0.011
48 – 72 644.1 495.8 10.8 0.005
Barley straw
  0 – 6 149.3 99.5 7.9 0.024
  6 – 12 212.9 107.0 12.6 0.014
12 – 24 308.8 116.2 4.7 0.001
24 – 48 385.5 134.5 11.3 0.02
48 – 72 409.9 258.6 19.9 0.017
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Table 3.4 Rumen degradation constants for each tested
roughage during periods P and C according to the
model P = a + b (1 –e-ct)
  LC   OC   BS
     Period P
           a 0.2291 0.2631 0.0549
           B 0.5009 0.3960 0.3669
         a+b 0.7300 0.6591 0.4218
c or (FDR, %/h) 0.0848 0.0431 0.0484
     Period C
           A 0.3977 0.3462 0.0715
           B 0.6300 1.1039 5.3577
         a+b 1.0277 1.4501 5.4292
c or (FDR, %/h) 0.0038 0.0017 0.0004
**LC: lucerne chaff, OC: oaten chaff and BS: barley straw.
For period C (Table 3.4), potential degradability (a+b) for
each tested roughage exceeded 100%, being 103, 145 and 543%
for LC, OC and BS, respectively, which is impossible. Therefore,
to compare FDR between period P and C for each type of
roughage tested, it was calculated using the formula explained
previously (see materials and methods in this chapter). The
results of comparison are given in Fig.3.4, Fig. 3.5 and Fig. 3.6,
respectively.
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Fig. 3.4  Mean of FDR (%/h) of LC during periods P and C.
Fig. 3.5  Mean of FDR (%/h) of OC during periods P and C.
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FDR was significantly affected by treatment. Mean FDR
during the period P was significantly higher than that for
period C (0.77%/h vs. 0.36%/h). Across the roughages, mean
FDR of LC was higher than that of OC and BS (0.87%/h vs.
0.42%/h and 0.42%/h, respectively). The FDR of all three
roughages decreased (P<0.01) linearly up to 48h of the
incubation period but increased during the 48-72 h incubation
interval.
When the FDRs of the roughages during periods P and C
were compared, the FDR of BS was the most affected by the
change in rumen conditions. The FDR of BS was much lower
from the onset in period C, decreasing from an average 0.65%/
h during the period P to an average 0.188%/h over period C.
This was equivalent to a decrease of 71%, compared with the
FDR of OC which decreased 53% from 0.569%/h in period P
to 0.266%/h in period C. In a further comparison, the FDR of
LC declined 43.5% from 1.107%/h in period P to 0.625%/h in
period C.
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Fig. 3.6  Mean of FDR (%/h) of barley straw during periods P and C.
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Across the incubation time, FDR decreased significantly
as the period of incubation time increased. Regression analysis
to examine the relationship between the FDR and the rumen
pH changes during the period C are illustrated in Fig. 3.7 a, b,
and c. It was clear that the relationship between rumen pH
and FDR was variable between the roughages tested. The
strongest linear relationship was demonstrated by OC followed
by LC and BS, where the value for R2 was 83.9%, 61.6%, and
21.5% OC, LC and BS, respectively.
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3.4 DISCUSSION
3.4.1 Effects of treatment on rumen pH
The diets given during periods P and C differed both
physically (long hay versus crushed barley) and chemically
(high structural carbohydrate and low rapidly fermentable non
structural carbohydrates vs. low structural carbohydrate
contents). The effects of these two different types of dietary
ingredients were clearly reflected in the changes in rumen pH
patterns during both periods P and C.  For P, this represents a
change in the amount and availability of substrate with
ryegrass hay fed ad libitum, reflected in relatively minor effects
on rumen environment. For C, this represents both change in
amount and availability of substrate with rate of ingestion of
grain resulting in changes in the rumen environment. Effects
on the function of the microbial population were indicated by
both the concentration changes in fermentation products and
changes in DM degradability of three roughages.
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Fig. 3.7  Relationship between rumen pH and FDR for LC, OC and BS
in period C.
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 Rumen pH during period P did not fall below 6.5 at any
sampling time and varied in the range 6.8 ± 0.3. During this
time, the sole diet offered to animals was roughage. It has been
well documented that the rumen is very well buffered around
pH 6.8 (Rode, 1999), particularly when the diet is based on
relatively mature plant roughage materials. Animals
consuming roughage produce more saliva than those
consuming concentrate. It is estimated that salivary buffers
account for about 30-40% of the neutralization of fermentation
acids in the rumen (Allen, 1997). It has also been identified in
studies with total mixed ration (TMR) that one function of
fibre is to maintain the buffering capacity of the rumen
(Beauchemin, 2000), leading to a concept of “effective fibre”
requirement.
In contrast, rumen pH during period C was significantly
altered during the three days of sampling, during which a
large amount of grain containing a high content of highly
soluble (NDS) carbohydrate was fed as the sole diet. There
was a steady and marked decrease in rumen pH between 24
to 48 h in period C. During this time, the amount of grain
offered was doubled from the previous day. When animals
are fed a high quantity of readily fermentable carbohydrate,
production of VFA within the rumen is extensive and pH
tends to decrease (Beauchemin, 2000). This observation was
supported by a significant increase in VFA concentration
during period C compared to that of period P. Decreased
rumination and salivation normally associated with high
concentrate diets and the consequential lowering of the
buffering capacity coupled with the rapid microbial
fermentation of the supplement, cause a depression in the
rumen pH (Chamberlain and Wilkinson, 1996).
At least one study indicated that an abrupt increase of
concentrates in the diet of dairy cows did not change pH and
VFA concentration in ruminal fluid, however pH decreased
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and VFA production increased significantly in faecal specimens
after the change of diet from roughage-based to high
concentrate (Meylan et al., 2002). In Meylan’s study, the ration
replaced only 50% of roughage with grain and that was
probably the reason why the abrupt change from roughage to
grain did not affect rumen pH and rumen VFA.
There was one important phenomenon that should be
noted in period C, this being the considerable variation in rumen
pH among individual animals fed the same diet. In Fig. 3.2,
two of 3 cows experienced a dramatic decrease in rumen pH
from around 5.7 to 4.7 during period 24-48 h, while one
maintained the rumen pH at 5.7 over the same period of time.
This is important as many research trials report mean ruminal
pH for a group of cows fed a particular diet but individual
variability may relate significantly to grain tolerance and
effective feed fibre utilization.
In this study no attempt was made to measure the
production of lactic acid especially during period C where high
grain feeding was the only source of nutrient for the animals.
The experiment was designed to look at transient effects in
the period of transition to grain feeding and not to look at the
factors contributing to low pH in steady state. However,
previous studies have indicated that the proportions of lactic
acid producing and fermenting bacteria in the rumen of
animals adapted to high-hay or high-grain diet are different
(Latham et al., 1974). Total viable, amylolytic bacterial counts,
anaerobic lactobacillus counts and counts of the lactate-
utilizing bacteria, Megasphaera elsdenii, were higher in grain-
adapted than in hay-adapted steers (Goad et al., 1998).
Cultivation-based studies have demonstrated that Streptococcus
bovis, which readily ferments starch and produces lactate, is a
major contributor in lactic acidosis. Lactate utilizing bacteria,
Selenomonas ruminantium and Megasphaera elsdenii, which are
able to tolerate low pH conditions, have been shown to be
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effective to some degree in offsetting acid accumulation in the
rumen (Owens et al., 1998).
3.4.2 Effects of changing rumen condition on rumen
degradation characteristics of roughages.
The standard method (all in/gradual out system) for nylon
bag incubation was chosen with consideration that during
period C, rumen conditions would fluctuate significantly.
Therefore, all bags experienced the same initial conditions.
The most distinct effect of the change in rumen conditions
and the associated marked decrease in rumen pH observed
on the grain diet was a decrease in the FDR of DM across all
three test roughages. The FDR during the low transient pH
phase of period C was reduced to half to one-third of that
for the roughage-fed (period P) conditions. The low rumen
pH during period C significantly affected degradation rate
of the fibre component of each of the test roughages. The
FDR of the fibre component was not determined directly, but
calculation of the FDR of DM of the roughage was based on
the value after correction by washing and removal of the
water-soluble fraction. Numerous studies, in vivo and in vitro,
have shown that reduced rate of fibre degradation in the
rumen is a most important consequence of low pH (Stewart,
1977). In addition to low rumen pH, availability of readily
fermentable carbohydrate is another factor that could affect
fibre degradation in the rumen. Many workers have reported
that provision of readily fermentable sources of energy
reduces the extent and rate of crude fibre digestion. Excess
feeding of wheat /barley pellets, which tended to induce
subacute ruminal acidosis, reduced the rumen digestion of
NDF from grass hay, legume hay, corn silage and mixed hay
(Mould and Ørskov, 1983).
The rumen pH values at which there is a consistent decrease
in fibre degradability or cellulolysis, are in the range less than
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6.5 (Stewart, 1977). Rumen pH 6.0 has been considered to be a
cellulolysis threshold, the pH level below which fibre degradation
is markedly inhibited (Rode, 1999). There are two reasons for
this; the enzymes necessary for fibre breakdown do not function
effectively at pH <6.0; and the growth rate of organisms with
high fibrolytic activities declines markedly at low pH (Rode,
1999). This would result in the gradual reduction in absolute
and relative abundance of microflora normally associated with
roughage degradation. It could also be affected by adhesion and
influenced by the available cellulose (fibre) binding site (Mould
and Ørskov, l983).
Depression of cellulolysis has also been explained in terms
of change in the pattern of rumen microbial fermentation,
which is a direct effect of increased availability of energy for
rumen microbes. Low ruminal pH with grain feeding retards
growth of fibrolytic bacteria through deleterious effects on
energy available for growth, decreased enzyme production or
activity, or impaired attachment to fibrous digesta (Hiltner and
Dehority, 1983). Previous studies indicated that most culturable
cellulolytic rumen microbes would cease activity below a pH
of 5.5 (Van Es, 1983). This was supported by an in vitro result
reported by Russell and Wilson (1996) who stated that the
main cellulolytic bacteria (Ruminococcus albus, R. flavefaciens,
and Fibrobacter succinogens) do not tolerate a pH below 6.0. In
contrast amylolytic bacteria, including those that also have
cellulolytic capabilities, are competent in fermenting starch over
a much wider range of pH (5.0-7.0) (Mould and Ørskov, 1983).
In addition, provision of readily fermentable carbohydrate not
only decreases fibre degradation but usually also increases the
lag time to commencement of measurable rates of degradation.
This is possibly because many fibre-degrading microbes
preferentially digest starch.
Under the low rumen pH-conditions in the first 48 hours
of period C, FDR of the different test roughages was
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significantly different. Among the three roughages incubated
in the rumen of cows, the FDR of BS was the most significantly
depressed. While the most probable reason why depression in
the FDR differs among the roughages is the difference in their
fibre concentration, the physical nature of the fibrous structure
and access for microbial attachment may also be a key factor.
NDF content of BS was the highest compared with the others
(Table 3.1).
At the end of period C, 24 h after the provision of roughage,
rumen pH had increased to around 6.0 in all cows. During
this recovery period (48-72 hours), FDR was increased
significantly across all the roughages tested; the greatest
increase of FDR was observed for BS, increasing more than
four-fold, from 0.10 %/h in period P to 0.52 %/h in the same
interval in period C. Similarly FDR for LC and OC increased
240% and 135%, respectively. This phenomena suggests that
there were complex changes in the rumen microflora involved
in the fibre degradation which were influenced by pH change
within a day and that fibre degradation capacity was rapidly
regained even when the pH was below 6.0.
There are two possible reasons why FDR of fibre increased
significantly during this recovery time. Firstly, fibre degradation
was suppressed in the first 48 hours of period C, leaving more
of the potentially degradable fibre susceptible to degradation
as pH rose. This would suggest the recovery of fibrolytic
organisms with low activity at low pH but present in sufficient
abundance during the 48-hour period of low rumen pH.
Secondly, the possibility of the presence of facultative fibrolytic
organisms that remain active but for which the rise in pH back
towards 6.0 increases the efficiency of fibre degradation. Such
a response may be due to improved attachment or improved
activity of cellulolytic enzymes. The contribution to increased
rates of DM degradation for C/LC vs. P/LC; C/OC vs. P/
OC; and C/BS vs. P/BS are indicative of improved fibrolytic
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activity rather than changed substrate availability, and was
particularly notable in terms of the degree of suppression of
fibre degradation prior to roughage refeeding.  Foster et al.
(l999) indicated that over 60% of rumen bacterial species have
not been fully characterized and some of these species may be
fibrolytic. This experiment suggests that such organisms, some
of which may be able to tolerate pH lower than 6, may be
important and should be sought by meta genomic analysis of
rumen samples.
3.5 CONCLUSION
This experiment showed that giving a high grain
supplement to dairy cows resulted in the rumen pH falling to
a critical level, which could lead to development of rumen
acidosis.
FDR of three test roughages was sharply reduced and the
reduction in FDR being correlated with low rumen pH, and
the effects were demonstrated with roughages of high, medium,
and low fibre (NDF and ADF) content.
Among the roughages tested in the transient low rumen
pH, BS was the most severely affected in terms of FDR and
this was most likely due to the high NDF and ADF content.
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Chapter 4
EFFECTS OF MICROWAVE RADIATION ON
NUTRITIVE VALUE OF BARLEY STRAW
4.1 EFFECTS OF MICROWAVE RADIATION ON
PHYSICO-CHEMICAL PROPERTIES OF BARLEY
STRAW
4.1.1 INTRODUCTION
Even though straw is regarded as low quality roughage,
it has long held an important role as ruminant feed especially
at times when a good quality hay/roughage is scarce. Straw
has been fed to ruminant animals with varying degrees of
success. Many studies have shown that although such
materials may meet the maintenance requirement of mature
animals, they often give poor results when used as a major
dietary component for production of meat, milk, and fibre.
This is due to the properties of the straw associated with high
content of cell walls that are highly lignified. The cell walls
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often constitute up to 80% of the total dry matter of the straw
and are mainly built up of structural polysaccharides which
may be crystalline with low levels of hydration and cross-linked
to lignin. Consequently, proteins and readily available
carbohydrates are present in much lower percentages and that
present maybe relatively inaccessible inside the cells. Therefore
cereal straws, in general, promote low voluntary intake and
have low utilization by ruminants.
In the previous chapter (Chapter 3), it was found that
among the roughages tested in acute, transient low rumen pH
condition, the most severely affected was barley straw. One
possible reason is due to its very high fibre content (NDF and
ADF). In addition, almost 100% of fibre in straw is effective
fibre, that is fibre that greatly stimulates chewing and
ruminating, implying that such straw fibre is resistant to the
physical breakdown.
A common approach for improving the nutritive value of
low quality roughages and crop by-products is by pre-
treatment or processing. Numerous treatment methods have
been developed which can be categorized into chemical,
biological and physical treatment. In general treatments are
intended to overcome to some degree the anatomical/physical
and chemical barriers to microbial digestion. The underlying
concept is that cell walls must be chemically altered or
physically disrupted in order to expose degradable surface
areas to microorganisms or more specifically the enzymes, such
as cellulase, which they produce.
Treating low quality roughages with chemical agents such
as sodium hydroxide, calcium hydroxide or ammonia has been
studied extensively. The phenomenon most widely associated
with hydrolytic treatment of roughages is disruption of
hemicellulose-lignin bonds which can further have a swelling
effect. The most common effects of such chemical treatment
are a significant improvement of in vitro digestibility or rate of
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degradation treated materials, though in vivo digestibility may
be altered less because of increased intake and rate of passage
through the rumen.
Biological treatment of fibrous feeds (e.g. partial
degradation by white rot fungi) has advantages, which include
an improvement in digestibility of the lignocellulose, an
improvement of intake, and the destruction of harmful
compounds present in the feedstuffs. A clear disadvantage is
that a much longer time is required and there is unavoidable
removal of the more readily degraded carbohydrates. The N
concentration in the final product may be preserved or
increased as a proportion of the remaining total feed dry matter
(Fahey et al., 1993).
Physical treatment of low quality roughage, straw and other
by-product, is intended to expose more surface area and disrupt
anatomical/physical barriers to digestion.  Various physical
treatments have been reported; some types of treatments like
grinding/milling procedure followed by a compaction process
(pelleting/cubing) are commonly used for this purpose
(Winugroho and Chaniago, 1984). The most consistent animal
responses to grinding and pelleting of forages are increases in
feed intake and live weight gain and improvement of feed
efficiency (Fahey et al., 1993) though the extent of digestion of
fibre may be reduced in vivo. Exposing the roughages to
treatment either with high steam pressure (Rangnekar et.al.
1982) or high intensity of gamma irradiation (McManus et al.,
1974a) has been shown to increase in vitro and in sacco digestibility
of straw but the animals’ intake of these treated materials does
not improve (Rangnekar et.al., 1982).
Microwave radiation is another type of physical treatment
that could be used to treat low quality roughages. Studies with
wood have shown that when intensive radiation is applied
this results in rapid generation of high internal steam pressure
in the wood cells which in turn disrupts tissues and increases
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the permeability of the cells/tissues several thousands-fold
(Torgovnikov, 1993). Other studies have indicated that
enzymatic susceptibility of cellulose in samples of Pinus
densiflora, Fagus crenata, and Phyllostachys can be markedly
increased by microwave irradiation (Azuma et. al., 1984).
The aim of the experiment reported in this Chapter was
to evaluate the effects on in vitro digestibility of barley straw
when exposed to microwave radiation. We wished also to
evaluate effects of MWR on the proximate analysis results,
particularly where chemical changes may have occurred that
could affect the measurement of organic complexes such as
NDF and ADF (Van Soest et al., 1991).
4.1.2 MATERIALS AND METHODS
4.1.2.1 Straw
Barley straw was obtained from the 1999 harvest and was
provided by the Victorian Institute of Animal Science (VIAS),
Werribee. Before exposing to microwave treatments, the straw
was separated manually into stem, leaf, and leaf sheath. Only
the stem component of the straw was subjected to the microwave
treatment in this experiment because it has been recognized that
it is the greatest portion of straw, the part that most likely
remaining in the field after the grain is harvested, and the part
most resistant to rumen degradation compared to the leaf or
leaf sheath fractions. Dry matter (DM) content of the straw used
in this particular study was around 90%.
4.1.2.2 Microwave radiation (MWR)
A preliminary evaluation of a range of power, microwave
frequencies, and times of exposure using an experimental
prototype wood microwave (access provided by Dr.
Torgovnikov, School of Forestry, the University of Melbourne)
provided the basis for selection of microwave conditions. For
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the samples tested, a domestic microwave (MW) (Sharp, model
R-4A52) operated with 1.5 kW of electric power (maximum
750 watt power output) and at frequency of 2450 MHz was
used. Before exposing to the MW, the straw stem samples were
cut into 5 cm long segments. Approximately 50 g of the sample
was placed in MW container then exposed to MWR according
to the treatment (varying times of exposure). Following the
MWR treatment, the resulting sample was ground to pass
1-mm screen for chemical and in vitro analysis.
To determine the longest time for which the MWR could
be applied, the sample was firstly exposed to MWR for 30
seconds and then increasing the time of radiation gradually
until a maximum time was reached where the straw sample
started burning. For these particular straw samples, the longest
microwave radiation time (MWRT) that could be applied was
4 minutes.
4.1.2.3 Chemical composition study
The experiment to determine effect of treatment on
chemical composition of barley straw was conducted
according to a completely randomized design (Steel and Torrie,
1980) consisting of 5 treatments and 4 replications. The
treatments were: T0 = control (without MWR), T1 = MWR for
1 minute, T2 = MWR for 2 minutes, T3 = MWR for 3 minutes,
and T4 = MWR for 4 minutes. The value used for each
replication was the mean value of duplicate samples analysed
in the laboratory.
Chemical composition was determined in this experiment
as dry matter (DM), organic matter (OM), total N, and the
complex fibre fractions; NDF, ADF, cellulose, hemicellulose,
and acid detergent lignin (ADL).
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4.1.2.4 In vitro study
The experiment was performed according to completely
randomized block design consisting of 5 treatments, T0, T1,
T2, T3, and T4; and 3 incubation runs as blocks (Steel and
Torrie, 1980) giving a total of 15 experimental units. In each
run, each treatment was replicated twice and the mean value
of this replication was treated as the experimental unit. Barley
straw and hay samples (known IVDMD and IVOMD) were
always included in each run as analytical standards.
The in vitro dry matter disappearance (IVDMD) and in
vitro organic matter disappearance (IVOMD) were determined
according to pepsin-cellulase in vitro digestibility technique
(McLeod and Minson, 1978; 1980).  This technique is a two-
stage procedure requiring the addition of cellulase in an acid
buffer and subsequent addition of pepsin in an acetate buffer
into the samples incubated at 50o C for a total of 120 hours.
4.1.2.5 Laboratory analysis and calculation
Prior to chemical analysis all samples were ground to pass
a 1-mm screen. Sample DM content was determined by drying
at 100oC in the oven for 24 h. The percentage of ash was
determined by combustion of samples for 6 h at 550oC. Organic
matter (OM) was calculated as 100-%ash (DM basis). Total N
content was determined by the Kjeldahl procedure (AOAC,
1990) and percentage of crude protein (CP) was calculated as
total N*6.25. Fibre composition (NDF, ADF, and ADL) was
analysed according to the procedure of Goering and Van Soest
(1970), while hemicellulose was calculated as NDF–ADF and
cellulose as ADF – ADL.
IVDMD and IVOMD were calculated as follows:
IVDMD = (DM incubated (g) - DM residue (g)) x 100% /
DM incubated (g)
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IVOMD = (OM incubated (g) - OM residue (g)) x 100% /
OM incubated (g)
The estimated metabolizable energy content of DM (ME
MJ/kg feed DM, M/D) was estimated from IVDMD using the
formula: M/D = 0.17 x IVDMD(%) –2.0 (SCA, 1990).
4.1.2.6 Statistical Analysis
Data for chemical properties were subjected to analysis
of variance of a completely randomized design using statistical
software package of MINITAB (Minitab Inc., 2000). The
experimental model: Yij =  + Ti + ij, where Yij = observation
value,  = mean, Ti  = effects of treatment (i = 1, 2, 3, 4, 5), and
ij  = experimental error (i = 1, 2, 3, 4, 5 and j = 1, 2, 3, 4).
Data for IVDMD, IVOMD, and estimated M/D were
analysed according to analysis of variance of completely
randomized block design with experimental model: Yij =  +Ri
+ Tj + ij, where Yij = observation value,   = mean, Ri = block
effects (i = 1, 2, 3), Ti  = effects of treatment (i = 1, 2, 3, 4, 5), and
ij  = experimental error (i = 1, 2, 3 and j = 1, 2, 3, 4,5).
4.1.3 RESULTS
4.1.3.1 Chemical composition
The chemical composition of barley straw for each MW
treatment is given in Table 4.1.1. Data analysis indicated that
the chemical properties of the straw were affected by MWRT
in different patterns. DM, NDF, and cellulose were not affected
(P>0.05) by MW treatment.  DM content of the samples showed
no significant changes, from 92.7% (T0) to 93.1% (T4). For
NDF content, the range was between 85.8% (T0) and 84.9%
(T4). For cellulose (ADF-ADL) the percentage tended to
decrease from 45.4%(T0) to 43.3% (T3), however it increased
back to 45.7% for T4.
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OM, ADF, and hemicellulose were significantly affected
(P<0.05) by treatment, but the effects did not follow a simple
MWRT pattern. Both OM and ADF significantly decreased
from 93.0% (T0) to 92.6% (T3) for OM and from 56.3 % to
53.2% for ADF, but for T4 both nutrients increased back to
93.1% and 54.0% respectively for OM and ADF. Even though
ADF concentration followed no particular pattern, overall it
decreased linearly as the MWRT increased following the
equation,
ADF = 56.6 – 0.896*MWRT (R2 = 0.64).
Unlike OM and ADF, the concentration of hemicellulose
increased from 29.4% (T0) to 31.4% (T3) but decreased to 30.9%
for T4.
MW treatment affected CP (N x 6.25) and ADL in linear
manner. CP increased linearly as the MWRT increased while
ADL decreased linearly (P<0.006) as the MWRT increased.
ADL content decreased significantly (P<0.067) by 23%, from
11.0% (T0) to 8.4% (T4) following the linear equation,
ADL = 11.5 – 0.596*MWRT (R2 = 0.42).
In contrast, CP increased linearly as MWRT increased.
Comparing T0 and T4, CP increased approximately 38% (from
6.3% to 8.7%) and the response was represented by a linear
regression equation,
CP = 6.31 + 0.494* MWRT (R2=0.45).
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4.1.3.2 In vitro study
Data for IVDMD, IVOMD, and an estimated M/D of
barley straw as an effect of MWR are given in Table 4.1.2.
MW treatment affected IVDMD, IVOMD, and M/D in a
linear manner. IVDMD, IVOMD, and M/D increased linearly
(P<0.01) as the MWRT increased. IVDMD increased 12% (from
38.0%, T0 to 42.4%, T4), IVOMD increased 9%, from 39.8%
(T0) to 43.3% (T4), while M/D increased 16%, from 4.5 to 5.2.
Linear regression equations were:
IVDMD = 37.8 + 1.06*MWRT (R2 =0.67),
IVOMD = 39.5 + 0.803*MWRT (R2 = 0.52) and
M/D = 4.43 + 0.180*MWRT (R2 = 0.67).
Table 4.1.1 Chemical composition of barley straw according
to the MW treatment
Treatment                        Different
Nutrients T0 T1 T2 T3 T4         s.e.m   P<
(g/kg DM)
   DM 927 929 928 930 931 1.8 0.426
   OM 931b 930ab 928ab 926a 931ab 1.2 0.027
   CP 63a 72ab 67a 77ab 87b 0.5 0.016
   NDF 858 852 847 846 849 3.7 0.156
   ADF 563c 563c 546b 532a 541ab 4.6 0.000
   Cellulose 454 454 439 433 457 6.6 0.112
 Hemicellulose 294ab 289a 301ab 314b 309ab 7.4 0.011
   ADL 110b 109b 106ab 98.9ab 83.9a 5.6 0.067
*Standard error of mean.
a,b,cMeans at the same row sharing different superscript were different (P<0.05).
T0 = control (without MWR), T1 = MWR for 1 minute, T2 = MWR for 2 minutes,
T3 = MWR for 3 minutes, and T4 = MWR for 4 minutes
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4.1.4 DISCUSSION
DM content of the straw did not change significantly after
MWR even though there was a tendency to decrease as the
level of MWRT increased. One possible reason for little water
loss was that the moisture content of barley straw sample
subjected to the treatment was very low (DM = ±90%), so that
the effects of MW on vaporization and removal removing the
water, especially intracellular and cell wall intra-molecular
water of the straw, was limited. It is also possible that water
was involved in rehydration of chemical constituents under
the condition generated by MWR. Similarly, the concentration
of NDF and cellulose did not change significantly.
For other nutrients, MWR was effective in altering the
proximate chemical composition of the straw sample as
analysed. CP increased approximately 38%. Though the
increase in the percentage of CP was high, the actual amount
of CP of the straw was very low, 6.3 and 8.7 g/kg DM for T0
and T4 respectively.  Therefore in terms of total CP, the increase
was negligible. What may be of significance is the possible
improved exposure of N to microbial activity.
  Treatment              Diff.
Nutrients T0 T1 T2 T3 T4 *s.e.m   (P<)
(g/kg DM)
IVDMD 380a 388a 400ab 408bc 424c    5.8   0.000
IVOMD 398a 402a 412a 415ab 433b    5.7   0.002
M/D(ME,MJ/kg DM) 4.5a 4.6a 4.8ab 4.9bc 5.2c   0.07   0.000
Table 4.1.2 IVDMD, IVOMD, and estimated M/D of barley
straw according to the MW treatment
*Standard error of mean.
a,b,cMeans at the same row sharing different superscript were different (P<0.05).
T0 = control (without MWR), T1 = MWR for 1 minute, T2 = MWR for 2 minutes,
T3 = MWR for 3 minutes, and T4 = MWR for 4 minutes
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A decrease in lignin content as MWRT increased indicated
that some of the lignin became soluble when the molecular
frictions occurred during the radiation, rendering it extractable
under the standard NDF, ADF system. Studies on wood have
shown that during microwave radiation, the microwave energy
causes water and wood substance molecules to disassociate
(Torgovnikov, 1993). The molecules of free and bound water,
cellulose and lignin vibrate and rotate to result in molecular
frictions (Peyskens et al., 1984). The same explanation may
apply to the decrease in ADF even though the pattern for ADF
decrease was slightly different from the pattern for ADL; at
the highest MWRT the ADF content increased rather than
decreased as for ADL. The reason for this was not clear. An
increase in hemicellulose content (calculated as NDF-ADF) was
primarily an effect of the ADF pattern.
The in vitro technique, which is commonly used to evaluate
the nutritive value of feeds for ruminant animals, indicated
that both IVDMD and IVOMD increased significantly as
MWRT increased. There were two possible reasons for this
increment. Firstly, MWR can alter internal structure, surface
area and permeability of the sample for enzymatic digestion.
This would be consistent with the observations on wood.
Magara et al. (1988) reported substantial enhancement in
enzymatic hydrolysis of lignocellulose material of rice straw
and bagasse samples pretreated with microwave at 210-220oC.
Secondly, the decrease in lignin content may indicate hydrolysis
of lignin-hemicellulose bonds, solubilization of lignin and
release of bound N components. The result of IVOMD obtained
in this study is in agreement with a result reported by Karn
(1986) who found that IVOMD of mature forage was higher
if dried by using microwave-oven compared to that dried by
conventional oven or freeze dried.
Based on IVDMD, the predicted increase in M/D in this
study could be regarded as important when straw is used as
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an energy/fibre source for ruminants. As stated by Chaudry
(l996) that any treatment to increase energy yield by 10-20%
would be a great addition to the world’s livestock resources.
4.1.5 CONCLUSION
Application of microwave radiation up to 4 minutes
increased the nutritive values of barley straw in terms of
improving in vitro digestibility and estimated metabolizable
energy. The concentration of lignin, which is recognized as an
important anti-nutrient for ruminants, decreased quite
significantly.
However, the results should be taken with care since some
treatment effects on parameters measured do not consistently
follow the MWR pattern. In addition, it was important to note
even though statistically there was a significant increase in
both IVDMD and IVOMD, quantitatively the magnitude of
the increase was relatively small.
To ensure that the changes observed in some of the
chemical composition and in vitro disappearance are due to
MWR, it is important to broaden the scope of the study by
looking at not only the chemical changes but also how rumen
degradation characteristics of microwave-treated straw will
behave. In addition, inclusion of barley straw obtained from
different stages of maturity could enrich our knowledge about
the effect of MWR on nutritive quality of low quality roughage
especially straw.
Therefore the next experiment reported within this
Chapter is designed to study the effects of MWR on chemical
composition and rumen degradation characteristics of barley
straw cut at two different stages of maturity.
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4.2 EFFECTS OF MICROWAVE RADIATION ON
CHEMICAL COMPOSITION AND RUMEN DEGRA-
DATION CHARACTERISTICS OF BARLEY STRAW
CUT AT TWO DIFFERENT STAGES OF MATURITY
4.2.1 INTRODUCTION
Among factors affecting chemical composition of forage,
stage of maturity is the most important one, which is directly
contribute to the quality of forage. The nutritive value of forage
depends on the morphological and physiological changes,
which take place during each stage of growth. As the plant
matures, the cell walls become a greater proportion of the dry
matter, as the fibrous constituents increase and become more
lignified. Crude protein content of forages is negatively
correlated with the maturity and with fibre content. In contrast
the content of cell wall constituents is positively correlated with
maturity of forage. Consequently digestibility and nutritive
value of a forage decline with advancing maturity.
In the previous experiment (Chapter 4.1) it was found that
microwave treatment significantly altered some of the chemical
properties of barley straw but the effects did not have a constant
pattern across all the nutrients. Changes for some nutrients
followed the pattern of MWRT but some did not. However,
among the changes in chemical composition observed in the
first experiment, MWR significantly reduced lignin concentration
of barley straw samples. The negative relationship between
forage digestibility and lignin concentration has been observed
for many years. Studies have demonstrated strong negative
correlations of digestible DM and fibre concentrations digestion
with forage lignin concentration.
Even though, to our knowledge, no study has been
undertaken to evaluate the effect of MWR on the chemical
changes in straw, studies on wood have indicated that
microwave irradiation enhanced enzymatic hydrolysis of
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lignocellulose material mainly due to partial degradation of
cellulose and lignin (Azuma et al., 1984). Similarly Magara et
al. (1988) reported that the pore widths of ground wood of
Fangus crenata pretreated with microwave significantly
increased associated with the partial degradation of cellulose
and lignin, and this in turn was related to increased enzymatic
hydrolysis of this lignocellulose material.
Without any intention to extrapolate the results obtained
in wood studies into straw studies, we postulated that the
effects demonstrated in the former probably could also be
observed in the latter. Therefore, in the following experiment
the effects of exposure barley straws to MWR on chemical
composition and on rumen degradation characteristics were
investigated. To broaden the scope of the experiment, the barley
straw samples subjected to MWR were obtained from the same
crop at two different stages of maturity.  The reason for taking
two different stages of maturity was to evaluate changes
occurring after MWR that were mainly due to the microwave
treatment as these may arise through a change in the
percentage of DM or water content and the differences in
relative strength and composition of cell walls.
The hypothesis was that microwave radiation would
change the proximate chemical composition and rumen
degradation characteristics of barley straws, and that such
changes would differ for straws obtained at two different
stages of maturity.
4.2.2 MATERIALS AND METHODS
4.2.2.1 Straw
The barley straw used in this experiment was obtained
from the Department Natural Resources and Environment
experimental farm, Gnerawarre, Southern Victoria. The crop
variety was Gaidner and was planted in June 2001. The straw
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samples were taken directly from the field at two different
times: the first cutting was in October 2001, during the soft
elongation of the grain (soft dough stage, C1), and the second
cut was obtained at the end of December 2001, at the stage of
grain maturity (ready for harvest, C2). To get the straw dry
matter content approximately the same between the two stages
of growth before exposing to MWR, the samples obtained from
the first cut were allowed to dry at room temperature. As in
the first experiment (4.1), the straw samples then were
separated manually into stem, leaf, and leaf sheath. Only the
stem component of the straw was subjected to the microwave
treatment
4.2.2.2 Microwave radiation (MWR)
Domestic microwave (MW) (Sharp, model R-4A52)
operated with 1.5 kW of electric power (maximum 750 watt
power output) and at frequency of 2450 MHz was used. Before
exposing to the MW, the samples were cut into 5 cm long
segments. Approximately 50 g of the sample was placed in a
MW container then exposed to MWR according to the
treatment (time of exposure). Following the MWR, the sample
was ground to pass 1-mm screen for chemical analysis.
As in experiment 1, the longest time of MWR exposure
was determined by first exposing the straw to the MWR for 30
seconds, and then increasing the time of radiation in 30 seconds
steps gradually until a maximum time was reached where the
straw sample started burning. For these particular straw
samples, the longest microwave radiation time (MWRT) that
could be applied was 2 minutes.
4.2.2.3 Chemical composition study
This experiment was arranged according to a completely
randomised factorial design. The treatments consisted of
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combination of two factors, namely MWRT (T0 = control,
without MWR; T1 = MWR for1 minutes, T2 = MWR for 2
minutes) and sampling time (C1 = sample taken during soft
grain elongation; C2 = sample taken at the harvest time). The
total combination of treatments was 6. Each treatment
combination was replicated 4 times giving the total of 24
experimental units. As in the first experiment, the value used
for each replicate was the mean value of duplicate samples
analysed in the laboratory.
Chemical composition analysed in this experiment
included dry matter (DM), organic matter (OM), total N (CP)
and fibre fractions; NDF, ADF, cellulose, hemicellulose, and
acid detergent lignin (ADL).
4.2.2.4 Nylon bag study
Rumen degradation characteristics of control and MW-
treated barley straw were determined using the protocol
described by Ørskov et al. (l980).  Bags were made from a
nitrogen-free, woven polyester cloth, have heat-sealed edges,
pore size 35-65 um with outer dimensions of 5 x 12 cm (Ankom
technologies, USA).  Prior to incubation, the nylon bag samples
were prepared by coarsely milling it through a hammer mill
to pass a 3-mm screen.  The weight of the clean, dry, and
labeled nylon bag plus a glass marble (to act as a weight) was
recorded before transferring approximately 2.5 g of air-dry
sample into each bag. A duplicate bag for each treatment was
incubated in the rumen of each animal. The total number of
bags required for each animal experiment was 180 (6
treatments x duplicate x 5 incubation time x 3 sheep). The
number of bags incubated in the rumen at one time was kept
the same (12 bags).
The bags containing straw samples (control and MW-
treated samples) were incubated in the rumen of each sheep
for 6, 12, 24, 48, and 72h. The first set of 12 bags was incubated
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in the rumen of each sheep for 72h. Following the removal of
the first set, a second set   was incubated for 48h and so on
until all incubation times were completed. To minimize
variation, the incubation in the rumen always commenced in
the morning just before feeding. Immediately after each
withdrawal, the bags containing the residues were rinsed
under cold running tap water to remove excess ruminal
contents and microorganisms on the surface of the bags and
then kept in the freezer for later analysis.
After completing the incubation program, all collected
bags were washed in washing machine without spinning for
about 15 minutes and then dried at 55o C for 48 h to determine
dry weight of the residue in each bag (AOAC, 1990).   To
determine the zero time loses, duplicate bags containing the
same samples were soaked in warm tap water (39o C) for 1 h
followed by washing and drying as before.
4.2.2.5 Animal and feeding
This experiment was approved by Animal
Experimentation Ethics Sub-Committee, the University of
Melbourne. Three mature merino sheep (wethers) with existing
rumen cannula (internal diameter 40 mm) were used for both
studies. The average body weight, BW ± SD, was 75 ± 3.0 kg.
The sheep were penned and fed individually in the Animal
House, School of Agriculture and Food Systems, I.L.F.R., the
University of Melbourne, Parkville, Victoria, throughout the
study. The animals were cared for according to the guidelines
on animal care established as standard operating procedure
by NH&MRC/CSIRO.
The wethers were fed ad libitum at 09:00 in the morning
and a new feed was added (to top up if needed) at 17:00 in
the afternoon. The diet, a combination (50%:50%) of Oaten
chaff and lucerne chaff (Table 4.2.1), was given to the animal
as the sole diet throughout the study at maintenance level.
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The diets used in this experiment were purchased from a
commercial company (Essendon Produce, Essendon, Victoria).
No supplementary vitamins and minerals were given but
animals had a free access to water.
Table 4.2.1 Chemical composition of diet (g/kg DM) fed to
sheep during the in sacco study
Measurement Lucerne chaff   Oaten chaff
DM (g/kg) 860 875
Nutrient (g/kg DM)
     OM 892 922
     CP 244  56
     NDF 474 748
     ADF 299 416
*ME (MJ/kg DM)  8.5  7.2
*Adopted from AFRC (l993).
4.2.2.6 Rumen fluid sample
Rumen conditions of the sheep were monitored by taking
rumen fluid samples from each animal after completing the in
sacco experiment. A plastic tube with an attached syringe
covered by nylon cloth was inserted through the cannula into
the mid ventral region of the rumen. Rumen fluid samples were
withdrawn at 0h (before morning feeding) and at 3, 6, 9, 12 h
and 24h. The fluid was withdrawn using a-20 ml disposable
syringe.  On each sampling time, the first 10 ml of the fluid
was discarded. Approximately 40 ml of the rumen fluid was
collected from each sheep, 20 ml of this fluid was dispensed
into a tube and immediately tested for pH (measured within 1
minute) using a portable pH meter (HI 8424, Hanna
Instruments Srl, Italy), and the rest for rumen fluid samples
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taken at 0 and 6 h was acidified with 5-6 drops of H2SO4
concentrate before freezing it for later analysis for rumen NH3
and VFA.
4.2.2.7 Laboratory analysis
Prior to chemical analysis all samples were ground to pass
a 1-mm screen. Sample DM content was determined by drying
at 100oC in the oven for 24 h. The percentage of ash was
determined by combustion of samples for 6 h at 550oC. Organic
matter (OM) was calculated as 100-%ash (DM basis). Total N
content was determined by the Kjeldahl procedure (AOAC,
1990) and percentage of crude protein (CP) was calculated as
total N*6.25. Fibre composition (NDF, ADF, and ADL) was
analysed according to the procedure of Goering and Van Soest
(1970), while hemicellulose was calculated as NDF–ADF and
cellulose as ADF-ADL.
Total N content of feeds & rumen fluid samples were
determined by the Kjeldahl procedure (AOAC, 1990) with
automatic titration (Radiometer, Copenhagen, Denmark) while
rumen VFAs were analysed by GC as described in Chapter 3.
4.2.2.8 Calculation of rumen degradation characteristics
Analysis of ruminal degradation pattern for DM was
performed by fitting the degradation values to the equations
of rskov and McDonald (l979):
P = a + b (1 –e-ct ), where
p = rumen degradation at time t,
a = intercept, which is highly correlated with the water
soluble fraction (WSF),
b = the portion of feed DM (other than WSF) which is
degraded in time t,
c = the  degradation  rate  of  the  insoluble  (b)  fraction
(%/h)
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t = incubation time,
In addition, a + b (asymptote) shows the value of rumen
potential degradability.
The calculation of the rumen degradation characteristics
was performed using the program “ NEWAY EXCELL” .
4.2.2.9 Statistical Analysis
Data for chemical composition was analysed factorially
according to completely randomized design. The experimental
model: Yijk = u + Ti + Cj + TiCj + ijk, where Yijk= observation
value, u   = mean, Ti  = effects of MWRT (i = 1, 2, 3), Cj = cutting
time (j = 1, 2), TiCj = interaction between factor T and C, and
ijk = experimental error (k = 1, 2, 3, 4).
Data for the in sacco experiment was analysed factorially
according to completely randomized block design. The model:
Yijk = u + βi + Tj + Ck + TjCk + ijk, where Yijk= observation value,
u   = mean, βi = effects of animal (i = 1,2,3), Tj  = effects of
MWRT (j = 1, 2, 3), Cj = cutting time (k= 1, 2), TjCk = interaction
between factor T and C, and ijk = experimental error.
4.2.3 RESULTS
4.2.3.1 Chemical composition
Effects of MWR on chemical properties of barley straw
are presented in Table 4.2.2.
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In general, chemical composition (DM, OM, NDF, ADF,
cellulose, hemicellulose, and ADL) of the barley straw samples
between the two different stages of maturity was significantly
different (P<0.01). DM mean for C1 was 898 g/kg and
significantly lower (P<0.01) than that of C2 (920 g/kg). OM
for C1 was 914 g/kg DM and lower (P<0.01) than that of C2
(931 g/kg DM).
Similarly NDF, ADF, hemicellulose, cellulose, and ADL for
C1 were significantly lower (P<0.01) than those for C2 (679 vs.
838; 410 vs. 553; 268 vs. 285; 357 vs. 459; 53.7 vs. 94.5 g/kg
DM, respectively). In contrast, CP content of C1 was significantly
(P<0.01) higher than that of C2 (55 vs. 10 g/kg DM).
Across MWR, OM was similar for all MWR treatment.
DM significantly increased from 89.9% for T0 to 91.7% for T2.
CP tended (P=0.06) to increase from   T0 to for T1 and T2
respectively. In contrast, increased time of exposure to MWR
significantly (P<0.01) decreased NDF, ADF, cellulose,
hemicellulose, and ADL contents. The value for T0, T1, and
T2: 77%, 75.5%, 75.0% for NDF; 49.1%, 47.8%, 47.6% for ADF;
41.5%, 40.5%, 40.3% for cellulose; 27.9%, 27.6%, 27.4% for
hemicellulose; 76.2%, 73.2%, 72.7% for ADL.
There was a significant interaction (P<0.05) between C
and T on all chemical components of barley straw except for
organic matter. Within C1, DM of barley straw for T2 was
significantly (P<0.05) higher than that of T0, but not different
from T1, while T1 and T0 were not different. Unlike C1, within
C2 DM content of barley straw for T1 and T2 was significantly
increased compared to T0.
Within C1, CP content of barley straw for T2 was
significantly higher (P<0.05) than that of T0 but no difference
was observed between T2 and T1 and between T1 and T0.
However within C2, CP for MWR treated straw (T1 and T2)
was significantly higher than that of T0 while T1 and T2 were
similar.
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Within C1, MWR did not affect the NDF and hemicellulose
contents of the straw. However within C2 the NDF content of
T2 was significantly lower than that of T0, while either between
T1 and T2 or between T1 and T0 there was no significant
difference. The hemicellulose content of MWR treated samples
(T1 and T2) was significantly lower than untreated straw (T0).
ADF and cellulose followed a quite different pattern,
within C1 the percentage decreased from T0 to T1 but
increased back for T2, so that there were no differences
observed between values forT0 and T2 but T1 was significantly
lower than T0. For C2, there was no difference between T0
and T1 but the value for T2 was significantly lower (P<0.05)
than that of T0 and T1.
Interestingly, MWR had no effect on ADL concentration
across C1 but within C2 MWR significantly decreased ADL
content. The ADL contents for T1 and T2 were significantly
(P<0.05) lower than that for T0, while T1 and T2 was similar
in their ADL concentrations.
4.2.3.2 Rumen pH, NH3-N and VFA
The mean values for rumen fermentation parameters and
intake of the animals used for the in sacco experiment are given
in Table 4.2.3.
There was no statistical analysis performed for the rumen
data since all animals received the same experimental diet.
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4.2.3.3 Rumen degradation characteristics of straw
Data for dry matter disappearance of barley straw samples
are given in Table 4.2.4.
Table 4.2.4 Cumulative DM disappearance (mg/g) of barley
straw samples from the nylon bag at different
incubation time*
Table 4.2.3 The mean (n=3) of ruminal fluid pH, rumen
NH3-N and total VFAs concentration*
Measurement Sheep 1 Sheep 2 Sheep 3  Mean ± SD
pH  6.41  6.45  6.27  6.38 ± 0.09
NH3-N (mg/l) 102.6 159.5 132.8 131.6 ± 28.5
VFA (mmol/l)  64.4  75.9  76.7   72.3 ± 6.9
*The value for each sheep is the mean of six sampling times.
The basic data for DM disappearance were not statistically
analysed, but were used to calculate the degradation constants
as presented in Table 4.2.5.
Treatment
C1T0 C1T1 C1T2 C2T0 C2T1 C2T2
 6 310 368 367 240 214 203
12 346 408 388 264 242 227
24 481 508 510 346 318 300
48 533 567 572 387 388 373
72 580 627 627 449 431 421
*Mean of three sheep.
T0 = control, without microwave radiation (MWR); T1 = MWR for 1 minutes, T2
= MWR for 2 minutes, C1= sample taken during soft grain elongation; C2 =
sample taken at the harvest time.
Incubation time (h)
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In general, the characteristics of rumen degradation
parameters were significantly (P<0.01) affected by cutting time.
However, within each state of maturity, MWR did not affect
the degradation parameters. Significant interactions was
observed only for the constant a.
For all parameters, the values of a, b, a+b, and c for C1
were significantly higher (P<0.01) than those for C2: 21.8%
vs. 15.13%, 42.21% vs. 32.84%, 64.0% vs. 47.98%, 0.0460 vs.
0.0295, respectively.
For constant a, the value was significantly higher (P<0.05)
for T1 and T2 compared to that of T0 within C1 but within C2
there was no difference among the MWRT.
4.2.4 DISCUSSION
4.2.4.1 Effect of treatment on chemical composition
The differences observed in some nutrients due to different
stage of maturity are consistent with the literature. It has been
long recognized that among the factors that contribute to the
differences in chemical composition and nutritive value of
forages, stage of maturity is the most important one (Sullivan,
1973). Young vegetative growth is high in crude protein but
this rapidly declines as the plant matures. In contrast, the cell
wall content is positively correlated with maturity of the forage.
With regard to MWR, DM content of barley straw was
significantly affected. For C1, MWR effectively removed
around 17% of water content of the straw samples, while in
C2, loss of water content due to MWR was about 22%.
Reduction in water content due to MWR reflects the process
of MWR as a rapid heat treatment through molecular
excitation. Studies on wood have shown that during
microwave radiation, the microwave energy causes water and
wood substance molecules to disassociate (Torgovnikov, 1993).
The molecules of free and bound water, cellulose and lignin
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are vibrating and rotating to result in molecular friction. This
causes a migration of ions delivering kinetic energy arising from
molecular friction. This kinetic energy then converts into heat
(Peyskens et al., 1984).
Concentrations of NDF, ADF, hemicellulose, cellulose, and
lignin were affected by MW radiation but to a different extent
and pattern. Decreases in the concentration some of fibre
fraction of straw may be attributed to partial solubilization of
fibre fraction components including lignin during MWR.
However, it is interesting to note that MWR had a more
pronounced effect on C2 samples than on C1 samples. For
instance, MWR significantly decreased the lignin concentration
(as analysed) of C2 samples but did not have any effects on
the measured lignin concentration of C1 samples. This
phenomenon may be related to the nature of the lignin binding
to hemi-cellulose fraction of cell walls, which changes as the
plant matures.
4.2.4.2 Effect of treatment on rumen degradation
characteristics of barley straw
It is well known that the maximum rate of ruminal
degradation of forage dry matter and particularly fibrous
constituents can be achieved when the rumen conditions are
not a limiting factor for activity of microorganisms. As
illustrated in Table 4.2.3, the mean of rumen pH was 6.38.
This value was higher than the minimum rumen pH of 6.2
reportedly required for optimum fibre digestion (Dixon and
Stockdale, 1999), much higher than the cellulolytic threshold
point of pH 6.0 (Mould and Ørskov, 1983), but slightly lower
than a value of 6.5 recommended by Stewart  (l977). The
average of rumen NH3-N and VFAs concentrations for this
experiment was 13.16 mg N/100 ml rumen fluid and 7.23
mmol/100 ml, respectively. The maximum microbial growth
rate should be achieved when the concentration of rumen NH3-
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N was between 5-8 mg/100 ml to 10-20 mg N/100ml. It
appears that rumen conditions in this experiment were
satisfactory to support a high level of microbial activity.
Data on degradation characteristics indicated that MWR
did not significantly affect the rumen degradation rate of barley
straw. However, stage of maturity of plant (C1 vs. C2) did
have very significant effects on the rumen degradation
characteristics of barley straw. Degradation rates and potential
degradability of barley straw of C1 were significantly higher
than those of C2. Similarly, the values for the degradable
fraction (b) and potential degradability (a+b) for C1 were
significantly greater than those of C2. As a grass matures, the
values for rumen degradation parameters are markedly
decreased. This phenomenon is highly correlated with the
structural deposition and lignifications of the cell wall of the
roughage. Table 4.2.2 clearly shows that lignin concentration
of C2 samples was almost 2-fold that of the C1 samples, and
also that in C2 lignin concentration as analysed by the NDF/
ADF/ADL system, decreased with MWR exposure.
Many studies have been demonstrated a strong negative
correlation of dry matter and fibre digestion with forage lignin
concentration (Chesson and Fosberg, 1988). The degradation
rate was significantly different between C1 and C2 while MWR
did not have any effect on rate of digestion. The lower value
of c for C2 suggests that the significant increase of lignin
content due to advancing maturity of the plant was associated
with reduction of rumen DM degradation. Therefore even
though MWR significantly decreased the lignin content of
barley straw of C2 samples, the reduction of lignin was not
sufficient to be comparable with that of barley straw from C1
samples. Much of the cellulose and hemicellulose in forage is
protected from the attack of rumen microorganisms by a layer
of indigestible lignin that can only be disrupted by ball milling
or chemical treatment (Minson, l990). In general, cellulose and
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hemicellulose can be divided into potentially digestible and
indigestible fractions separated by a presumptive layer of
lignin, with the indigestible fraction increasing proportionally
as advancing maturity of forage. A review by Jones and Wilson
(l987) has indicated the importance of lignin in reducing
digestibility of fibre. They stated that the variation in total
content of structural constituents or their components is of
lesser significance in the nutrition of herbivore than the
interrelationship between constituents. When lignin is
removed, the polysaccharides of the cell wall of herbage are
totally digestible. Their association with lignin, however, deters
attack by microbial enzymes to a varying extent depending
mainly upon the degree and site of lignifications.
4.2.5 CONCLUSION
Nutritive values of barley straw obtained from C1 sampling
time were significantly better than that obtained from the C2
sampling time in terms of lower fibre and lignin contents,
higher crude protein content, and a higher rumen degradation
rate and a much greater total potential rumen degradability.
In contrast, even though MWR significantly altered the
chemical composition of barley straw both in C1 and C2, the
changes had no benefit as far as any improvement of rumen
degradation characteristics of the barley straw were observed.
The improvement achieved by MW treatment in
Experiment 4.2 was not significant, and even where significant
effects were found in Experiment 4.1 they were relatively small.
In addition, biological tests (in vitro and in sacco) showed
conflicting results. On one hand, MWR significantly improved
IVDMD and IVOMD of microwave treated barley straw
(Experiment 4.1). On the other hand, MWR did not improve
rumen degradation characteristics of microwave treated barley
straw compared to untreated barley straw both in C1 and C2
(experiment 4.2).
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The conflicting results between in vitro and in sacco may
be considered on several bases. Firstly, stable and controlled
conditions for in vitro vs variable conditions between animals
for in sacco. Secondly, the samples for in vitro were finely
ground to pass a 1-mm screen, whereas for in sacco samples,
they were ground to pass a 3-mm screen. This means that the
surface for the samples exposed to the former conditions is
much greater compared to those exposed to the latter
conditions.
Considering the cost of using MW energy to treat straw
for improving its nutrient values, there is little basis, on these
grounds, to recommend microwave as a practical treatment.
If the moisture content of straw is quite high it may be that the
effectiveness of MWR could be more pronounced e.g. with rice
straw. However, as the purpose of the treatment was to try to
manipulate the nutritive value of barley straw as a highly
refractory post harvest fibrous crop residue, choosing barley
straw with high moisture content could mislead the application
of this technique. Therefore in the next two chapters (Chapter
5 and 6), the research focus will be on improving the utilization
of low quality roughage through feed supplementation and
feeding management.
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Chapter 5
EFFECTS OF SUPPLEMENTATION OF
EITHER WHOLE FABA BEANS (VICIA FABA)
OR BARLEY FORTIFIED WITH UREA AND
SULPHATE ON RUMEN ENVIRONMENT,
ROUGHAGE RUMEN DEGRADATION
CHARACTERISTICS AND ESTIMATED
MICROBIAL FLOW TO THE SMALL
INTESTINE
5.1 INTRODUCTION
Ruminants like all the higher vertebrates do not secrete in
their gut the enzymes required to hydrolyse structural
polysaccharides and therefore depend upon microbes to utilize
fibre as a source of energy. The most important sources of
fibrous nutrients for ruminants are forage grasses and legumes,
which are grazed or eaten after conservation as hay or silage.
Another important source are fibrous crop residues, which
are abundantly available.
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However, most of the fibrous materials are low in true
protein, non-protein nitrogen (NPN) and often low in a number
of minerals which are essential for microbial cell synthesis in
the rumen. An insufficient supply in the rumen of these
substrates for microbial growth will limit microbial growth
efficiency and potentially impair fibre digestion. This increases
the likelihood of an imbalance in the nutrients absorbed from
the fermentative-end products. Consequently ruminant
productivity is inefficient partly due to losses in fermentation
process and partly due to inefficient utilisation of the absorbed
nutrients, particularly when total nutrient supply is limited
by low voluntary intake. Thus provision of nitrogenous and
energy substrates to meet the requirement of rumen microbes
is necessary to improve digestibility and microbial growth
efficiency and therefore increase the production of ruminants
fed on low-nitrogen fibrous material. Total nutrient intake can
be raised by the direct additional supply from the supplement,
the improved extraction and balance of nutrients produced in
fermentation of the roughage itself, and in some cases, by an
improvement in intake of the roughage.
Carbohydrate is the main factor controlling the supply of
available energy for microbial growth while level and nature
of crude protein affects both total fermentation and production
of microbial dry matter per unit carbohydrate fermented
(Hoover and Stokes, 1991). Therefore, a synchrony of
availability of energy and N within the rumen is important in
maximizing microbial growth per unit substrate fermented.
In theory, maximum efficiency of microbial crude protein
production will only be achieved if the ammonia is released at
the same proportional rate as the energy from the forage.
Ammonia is the main nitrogen precursor for rumen
microbial protein synthesis under practical dietary conditions
and it is essential for the growth of many species of rumen
bacteria. However other nutrients, such as sulfur, are required
119
for maximum growth. Sulfur is a factor required to support
effective use of N for protein synthesis by rumen
microorganisms, especially for the synthesis of amino acids
containing sulfur. Sulfur supplementation increases the
amount of cellulolytic bacteria, and the VFA production in
continuous culture as well as in the rumen of sheep and calves
(Slyter et al., 1986). It may also enhance the microbial
anaerobic fungi population. However, the effects of adding
sulfur to supplementary urea are variable. It may be dependent
upon the ratio between rumen available N and rumen available
sulfur (Oosting, 1993).
In addition to ammonia and sulfur, many in vivo studies
have shown that microbial protein synthesis in the rumen
appears to be increased with increasing ingestion of degradable
protein. The effect of degradable protein on rumen conditions
could be due to provision of peptides and amino acids derived
from the microbial breakdown of rumen degradable protein
(Cecava et al., 1993). Alternatively an effect could be due to
slower release and hydrolysis of crude protein and a longer-
term increase in rumen ammonia concentration. In many
circumstances with fibrous roughages, combination of these
conditions may be required for improved microbial growth.
As a roughage source for ruminants, oaten hay is regarded
as low quality roughage due to low nitrogen content and high
fibre content. Fibre content of the roughage had been identified
as one of the factors limiting roughage intake. Previous studies
indicated that the use of oaten hay as the only diet could result
in body weight loss due to the inherent characteristics of this
roughages, low intake and digestibility (Dixon and Egan, 2000).
Therefore, to optimise utilization of oaten hay as a basal diet
for ruminants, energy and nitrogen (N) supplements are of
primary importance.
Barley grain is a widely available reasonably priced grain
supplement for farm animals. It is highly digestible with ME
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content of 12-15 MJ/kg DM and N content of 18-20 g/kg DM.
Barley is widely used as the main energy source in the diets of
non ruminants (i.e. pigs), and is a main energy contributor in
total mixed rations or as a sole supplement for ruminants due
to its high proportion of starch content.
One problem with barley is that when used with hay or
mature grass, it may adversely affect the digestibility of the
roughage. Part of the problem appears to be related to the
rumen pH changes (see Chapter 3). Also as a cereal grain, the
N content of barley grain may not be sufficient to meet the N
requirements of the rumen microbes (Dixon and Egan, 2000).
One alternative for increasing the crude protein content of the
cereal grain, which is relatively inexpensive method, is by urea
addition. Earlier experiments have shown that it is possible to
incorporate urea in the whole grain when it is added as
saturated solution. This process avoids problems of selection
of constituents by the animals. The urea solution is shown to
be completely absorbed in the grain and crystals of urea not
reformed on the outside of the grain. Moreover, the absorbed
urea solution supports a slower rate of release of ammonia in
the rumen than does urea added in free solution. Barley fortified
with urea may thus create better N condition in the rumen
and better balance the ammonia and fermentable carbohydrate
release, so improving microbial growth rates and not adversely
affecting fibre digestion.
Faba beans (vicia faba) are a legume grain with high
contents of both energy (12.8 MJ ME/kg DM) and nitrogen
(52.8 g N/kg DM). Thus it has been used as a protein and
energy supplement with moderate price. However faba beans
contain starch which is highly degradable in the rumen (Yu et
al., 2000). Therefore an excessive amount given to ruminants
could result in significant depression of rumen pH as with
barley and through this, could impair the digestion of fibre of
the basal diet.
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Provision of faba beans as whole beans rather than in
cracked or meal form may slow down high degradation rate
of starch in the rumen. In addition, inclusion of a moderate
amount of whole faba beans could minimise the risk of a
negative impact on rumen conditions. Faba beans may be thus
be used to serve as a good source of additional N, peptide, and
energy substrate for rumen microbes to support optimum
growth and effective fibre degradation, and boost the overall
feed digestibility and possibly increase the intake of the
roughage.
The objectives of this study were to test the hypothesis:
 Provision of either faba beans or barley fortified with urea
and sulfur as sources of energy and protein supplements
will create a better rumen environment which in turn will
optimise DM and/or fibre digestion of oaten hay in sheep
compared to the sheep receiving no supplement.
 Between the two supplements, rumen conditions and DM
and/or fibre digestion of oaten hay are expected to be
better in the animals receiving faba beans than those
receiving barley fortified with urea and sulfur.
5.2 MATERIALS AND METHODS
5.2.1 Animals
This experiment was approved by Animal
Experimentation Ethics Committee, Victorian Institute of
Animal Science and conducted at the Sheep Research Facility,
Joint Facility for Food and Animal Research at Werribee,
Victoria (Australia).
Three wethers with an average initial body weight (BW)
43 ± 2.29 kg were used in this experiment. Each sheep
underwent surgery to fit with permanent fistula (internal
diameter 40 mm) in dorsal sac of the rumen and ‘T’ type
duodenal cannula. Two months were allowed for animal to
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recover from the surgery before commencing the experiment.
Each sheep was housed in an individual pen (0.9x1.4m) for a
two-week adaptation period, during which the animals were
introduced progressively to roughage (oaten hay) as a base
diet and supplements before transferring to metabolism crates.
The animals were cared for according to the guidelines on
animal care established as standard operating procedure by
NH&MRC/CSIRO.
5.2.2 Experimental design
The experiment was conducted according 3 x 3 Latin
square design (Steel and Torrie, 1981) consisted of three periods
and three animals which randomly assigned to one of three
treatments: oaten hay without supplement (C), C + barley
fortified with urea and sulphate, Bar/N/S (CB), and C + faba
beans, FB (CF). Each period lasted for 3 weeks and consisted
of 14 days for adaptation to the experimental diet and 7 days
for data collection; 3 days for nylon bag experiment, 1 day for
rumen fluid sampling and 3 days for faeces and urine
collection. Randomisation of animals according to the
experimental design is given in Table 5.1.
Table 5.1 Random allocation of the treatment to each animal
for each period
 Sheep 1 Sheep 2 Sheep 3 
Period 1 CB C CF 
Period 2 C CF CB 
Period 3 CF CB C 
 
C = Oaten hay without supplement
CB = C + barley fortified with urea and sulphate, Bar/N/S
CF = C + faba beans, FB
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5.2.3 Experimental diet
The quantity of feed (roughage and supplements)
provided was calculated to give an estimated amount of energy
8.0 MJ ME/kg DM as recommended by AFRC (l993) to meet
the requirement for growing castrated lambs to gain 50 g/
day. The calculation was based on the initial mean live weight
(LW) of the sheep (43 kg) and dry matter intake of 850 g/day.
Dietary treatment allowance is presented in Table 5.2.
Diet ingredients were obtained from a commercial
company in Victoria. Oaten hay was purchased from Essendon
Produce, Melbourne, Victoria. Barley grain and faba beans
were supplied by Peter Gibbs Stock Feeds Australia. Oaten
hay (7.2 MJ/kg DM, 5.44 g N/kg DM) was given to the animal
as the basal diet throughout the study. Either faba beans or
barley grain fortified with urea and sulphate were used as
supplements. Faba beans had an estimated metabolizable
energy content of 12.8 MJ/kg DM and nitrogen content of
52.8 g/kg DM. The metabolizable energy and N contents of
barley grain were 13.3 MJ/kg DM and 2.1 g/kg DM
respectively (Cottle, 1991).
The supplements as formulated were intended to be
isonitrogenous. Therefore to balance the N content of barley
grain with that of faba beans, the barley grain was mixed with
urea-sulphate solution (25 ml/250 g grain). The solution was
prepared on daily basis by diluting 525 g urea (46%N) and
105 g ammonium sulphate (21%N, 23.6% S) in 1 L warm tap
water. Urea appeared to be completely absorbed into the grains
and no crystals of urea were formed. The calculated N content
of Bar/N/S was 51.9 g/kg DM.
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5.2.4 Feeding
The wethers were fed once a day at 09:00 in the morning,
with roughage and supplements fed in separate feeders. Feed
refusals were collected at that time, weighed daily and samples
bulked for later analysis. Oaten hay was offered ad libitum (20%
in excess of the anticipated intake). Supplements were always
fed before the roughage and the supplements were fed at the
fixed rate of 250 g/animal/day (air dry basis) throughout the
study. No supplementary vitamins and minerals were given
but animals had free access to water.
5.2.5 In sacco experiment
The first three days in each period of each collection period
were allocated for nylon bag/in sacco studies. During this time,
rumen degradation characteristics of the test roughage (a
sample of oaten hay used as a feed roughage was used as the
Table 5.2 Dietary formulation and nutrient provision for
each treatment
      Item  C   CB   CF
Diet ingredients (g DM per day)
     Oaten hay 850 637.5 637.5
     Whole faba beans   -     -  220
     Whole barley grain   -   220    -
     Urea   - 13.12    -
     Ammonium sulphate   -  2.62    -
aTotal DM intake allowance (g/day) 850 857.5 857.5
Calculated N allowance (g/day) 4.62 14.37 13.41
Calculated ME allowance (MJ/day) 6.12 7.38 7.41
aadopted from AFRC (1993).
C = Oaten hay without supplement
CB = C + barley fortified with urea and sulphate, Bar/N/S
CF = C + faba beans
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test roughage) in terms of degradation characteristics of dry
matter (DM) neutral detergent fibre (NDF), and acid detergent
fibre (ADF) were determined according to theprocedure of
Ørskov et al. (l980). A set of 10 bags (duplicate x 5 incubation
time), tied to a nylon cord (30 cm long) and anchored to the
rumen cannula, was simultaneously suspended in the rumen
of each sheep and two of the bags were withdrawn at each of
6, 12, 24, 48, and 72h after insertion.  Immediately after
withdrawal, the bags were washed for about 10 minutes in
running tap water to remove excess ruminal contents and
microorganisms on the surface of the bags and then kept in
the freezer for later analysis.
Bag characteristics, sample preparation, washing
procedure after completing all the incubation times, and zero
time losses determination were as explained in the previous
Chapter 4.
5.2.6 Sample collection
The quantity of oaten hay and supplements offered and
refused (if any) were recorded every morning and a sub-sample
bulked for analysis. Individual feed intake was measured by
subtracting the residues left from the amount given.  Sheep
were weighed before feeding on the first day of the three-day
collection period (i.e. before supplements were due to be given)
to minimized error associated with variation in gut fill.
The daily faecal collection was put in plastic bags and
weighed. The bags, with faeces, were labelled and stored at
5oC. At the end of each collection faeces collected daily from
each sheep over the 3-day period were bulked on an individual
animal basis, mixed thoroughly and a sub-sample oven dried
(100oC) to determine dry matter of the faeces and another sub
sample (10%) was taken and kept frozen for subsequent
laboratory analysis.
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Total urine output were collected and removed each day
in the morning just before feeding. Immediately after collection,
urine volume was measured and 1% aliquot of undiluted urine
was taken, after thorough mixing, for total N analysis. The
remaining urine was then diluted 15 times with fresh tap
water, and concentrated H2SO4 added and stirred, to bring
the pH below 3. A 1% aliquot of the diluted urine was sub-
sampled for each animal and kept in the freezer for purine
derivatives analysis.
Rumen fluid samples were taken from each animal to
provide data on the pattern of rumen fermentation with time
after feeding. A plastic tube with an attached syringe covered
by nylon cloth was inserted through the cannula into the mid
ventral region of the rumen. Rumen fluid samples were
withdrawn at 0h (before morning feeding) and at 3, 6, 9 h
after morning feeding. The fluid was withdrawn using a-20
ml disposable syringe.  At each sampling time, the first 10 ml
of the fluid was discarded. Approximately 40 ml of rumen
fluid was collected from each sheep; 20 ml was dispensed into
a tube and immediately tested for pH (measured within 1
minute) using a portable pH meter (model 701, Orion Research,
Cambridge USA). The remaining rumen fluid sample was
acidified with 5-6 drops of concentrated H2SO4 before freezing
(–20o C) for later analysis for rumen NH3 and VFA.
5.2.7 Chemical Analysis
The feed samples (oaten hay, barley, and faba beans), were
analysed for dry matter (DM), ash, total N, neutral detergent
fibre (NDF), acid detergent fibre (ADF). The residues from the
nylon bags were pooled according to the treatment and
incubation time and analysed for DM, NDF, and ADF. Faeces
samples were dried at 55o C for 48 h in a force draught oven
and were analyzed for DM, ash, N, NDF, and ADF. For
analysis, all samples were ground to pass 1-mm screen.
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Rumen fluid samples were analyzed for total N content
and total VFA. Urine samples were analyzed for total N content
and purine derivative (PD). The analysis for total N, rumen
ammonia and VFA determination were explained in Chapter
3. The urinary concentration of creatinine and PD (allantoin,
uric acid, hypoxanthine, xanthine) was measured on each
urine sample collected daily for 3 days. Allantoin was
determined using high-performance liquid chromatography
(HPLC) with pre-column derivatization as described by Chen
et al. (1993). Uric acid, xanthine and hypoxanthine were
determined with a RA/XT Autoanalyzer (Technicon Ltd.,
Swords Co., Dublin, Ireland) using commercial kits according
to the procedure of Chen and Gomes (1992). Tthe principle of
the method is that the xanthine oxidase converts xanthine and
hypoxanthine into uric acid and the xanthine and
hypoxanthine are measured as uric acid. Therefore, the uric
acid data represents the sum of uric acid, xanthine and
hypoxanthine, while total PD is the sum of allantoin, uric acid,
hypoxanthine and hypoxanthine. Creatinine concentrations
were determined using a commercial kit (Technicon Diagnostic
Creatinine Reagent Cat. #T01-1972-02).
5.2.8 Calculations
Coefficients of dry matter digestibility (DDM), organic
matter digestibility (OMD), neutral detergent fibre digestibility
(NDFD), acid detergent fibre digestibility (ADFD), and
nitrogen digestibility (ND) were calculated as follows:
DMD = (total DM intake - total DM in faeces)/ total
DM intake x 100%
OMD = (total OM intake - total OM in faeces)/ total
OM intake x 100%
NDFD = (total NDF intake – total NDF in faeces)/total
NDF intake x 100%
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ADFD = (total ADF intake – total ADF in faeces)/total
ADF intake x 100%
ND = (total N intake - total N in faeces)/ total N
intake x 100%
N retention = total N intake – (N in faeces + N in urine).
Calculation of rumen degradation characteristics was
carried out as explained in Chapter 4.
The amount of microbial PD absorbed (X, mmol per day)
corresponding to the PD excreted (Y, mmol per day) was
calculated from the relationship derived by Chen and Gomes
(1992) as follows:
Y = 0.84X + (0.150W0.75e-0.25X).
The supply of microbial N (MN) in grams per day based
on total PD was estimated as follows:
MNpd = 100083.0116.0
70
xx
X
 = 0.727X
The assumptions (Chen and Gomes, 1992) inherent in
these calculations are:
1. The digestibility of microbial purine is assumed to be
0.83. This is taken as the mean digestibility value for
microbial nucleic acids based on observations
reported in the literature.
2. The N content of purines is 70 mg N/mmol.
3. The ratio of purine-N: total N in mixed rumen
microbes is taken as 11.6 : 100.
5.2.9 Statistical Analysis
All data were subjected to analysis of variance of Latin
square design (3 x 3) using General Linear Model (GLM)
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procedure of MINITAB for Windows rel.13.1 (Minitab Inc.,
2000). The difference among the treatment means was
determined by Tukey test.
5.3 RESULTS
5.3.1 Chemical composition of feedstuff
Chemical compositions of the experimental diets are given
in Table 5.3. The oaten hay contained 66% NDF, 38% ADF,
and 0.65% N (Table 5.3). The N content of faba beans and
barley grain was 41.3 g /kg DM and 19.1 g/kg DM
respectively. These N values were lower than those suggested
by Cottle (1991) and used in a preliminary formulation to bring
barley plus urea supplement to a level isonitrogenous with the
faba bean. Consequently the actual amount of N supplied by
the supplement FB and Bar/N/S was 9.2 g/d and 10.7 g/d
respectively.
Table 5.3 Chemical compositions of the experimental diets
Measurement Oaten Barley  Faba
  hay grain beans
Dry matter (DM, g/kg)  892 892 889
Chemical composition (g/kg DM)
   Ash 52.9 21.5 32.6
   Organic matter (OM) 947 978 965
   Nitrogen  6.5 19.1 41.3
   Neutral detergent fibre (NDF) 659 282 312
   Acid detergent fibre (ADF) 382   50 137
   ME (MJ/kg DM)*  7.2 13.3 12.8
*Data from AFRC (1993).
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5.3.2 Feed intake, digestibility and N balance
Data for intake, apparent digestibility, and N balance
measurement are given in Table 5.4. Generally each animal
was able to eat the supplements offered within 6 h and showed
consistent eating behaviour throughout the study. Statistical
analysis revealed that RDMI, TDMI, OMI, NDFI, and ADFI
were similar (P>0.05) among the treatments. Numerically,
however RDMI of animal receiving supplement Bar/N/S was
10% and 30% greater than those given no supplement (control)
and FB supplement respectively. TDMI of this treatment group
was 34% and 22% higher than those of C and CF group
respectively, but these differences were not significant because
of high variation between animals within the same treatment.
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Table 5.4 Intake, apparent digestibility and nitrogen balance
Intake (g DM per day)       
     Roughage dry matter (RDMI) 544.5 602.2 421.9 76.7 0.46 
     Total DM (TDMI) 544.5 824.7 644.4 82.8 0.26 
     Organic Matter (OMI) 515.7 788.1 614.7 80.31 0.25 
     Neutral detergent fibre (NDFI) 358.9 459.6 347.5 55.9 0.45 
     Acid detergent fibre (ADFI) 207.8 241.0 191.5 32.4 0.62 
     Calculated ME  (MEI)# 3.92 7.30 5.90 0.61 0.11 
DOMI 309.6 561.4 453.5 57.1 0.10 
DOMR 201.3 364.9 294.8 37.1 0.10 
Apparent digestibility (%)      
     Dry matter 59.46 68.00 73.85 2.48 0.08 
     Organic matter 61.24 70.07 75.17 2.41 0.07 
     Nitrogen 21.04a 66.19b 73.24b 8.79 0.05 
     NDF 53.99a 61.36b 65.52b 2.26 0.05 
     ADF 51.63a 58.91b 61.10b 2.48 0.01 
Nitrogen balance (g N/day)      
     Intake (NI) 3.15a 14.38b 11.61b 1.74 0.01 
     Faecal N 2.52 4.80 3.30 0.58 0.20 
     Urine N 1.26 4.13 3.61 0.57 0.08 
     N retention -0.64a  5.35b  4.72b  1.02 0.01 
Measurement  C  CB  CF      s.e.m*  Diff. (P <)
*Standard error of means      #Data from AFRC (l993)
a,b Row means sharing different superscript were different (P<0.05)
DOMI: Digestible organic matter intake (g/day)
DOMR: Digestible organic matter fermented in the rumen, calculated as
0.65*DOMI (ARC, 1984).
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
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There was a tendency (P<0.08) for apparent digestibilities
of DM (DMD) for CB and CF groups were greater than those
of C group. Similarly, the apparent OMD tended (P<0.07) to
be higher in the supplemented groups than in the control
group. NDF and ADF digestibilities were significantly higher
(P<0.05) for the supplemented groups than for those of control
group. Comparing the control group with the supplemented
groups, the NDFD of CB and CF groups increased by 14%
and 21% respectively over C group. Similarly, ADFD of CB
and CF groups was 14% and 18% higher than that of C group.
However, there was no significant difference (P>0.05) observed
between CB and CF groups in terms of DMD, OMD, NDFD
and ADFD.
Faecal N across the treatment was similar (P>0.05) while
N excreted in the urine tended (P<0.08) to be greater for the
supplemented groups. However N intake was significantly
(P<0.01) different between the treatments leading to a
significant different
(P<0.01) in N retention by animals. CB and CF groups
consumed 350% and 269% more N than that of C group.
Comparing CB and CF groups, there were no   significant
differences observed for NI, faecal N, urinary N, and N
retention.
5.3.3 Rumen fermentation parameters
Rumen pH
Rumen pH was determined at specified times before and
after the onset of feeding. The treatment means for rumen pH
for each sampling time are presented in Fig. 5.1
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There was no significant different in rumen digesta pH
across the treatment diets within each sampling time. The
average pH of rumen digesta for all diets was around 6.85
before feeding and slightly decreased at 3, 6, and 9 h after
feeding. The only rumen pH values below 6.0 were recorded
for the animal in CF group where the pH fell to 5.96 and 5.85
at 6 and 9 h after feeding. However, the overall pH mean for
each treatment diet was higher than 6.0.
Rumen NH3-N
The treatment means for rumen NH3-N for each sampling
time are presented in Fig. 5.2
5
5.5
6
6.5
7
7.5
0 2 4 6 8 10
Sampling time (h)
R
um
en
 p
H C
CB
CF
Fig. 5.1  Treatment means for rumen pH at various sampling times in
sheep fed oaten hay as a basal diet with or without supplements.
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Unlike rumen pH, rumen NH3-N levels at each sampling
time were significantly altered (P<0.05) by the provision of
supplements. After the first 3h from the morning feeding,
rumen NH3-N of animal in CB group reached the highest level
of 256.9 mg/l but decreased rapidly by 6 h after feeding about
the same level as that in the CF group (130.2 vs. 129.5 mg/l).
The lowest rumen NH3-N at any sampling time was recorded
for the control group with average rumen NH3-N of 43.7 mg/
l. The FB supplement provided a more stable rumen NH3-N
concentration throughout the 9 hours post feeding. Overall,
the average rumen NH3-N of animals in CB and CF groups
was significantly (P<0.05) higher compared to that of C group
(162.0 and 144.5 mg/l vs. 43.7 mg/l). There was no significant
difference (P>0.05) between CB and CF groups.
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Fig. 5.2  Treatment means for rumen NH3-N (mg/l) at various
sampling times in sheep fed oaten hay as a basal diet with or without
supplements.
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Rumen VFA
Total concentration of rumen VFA was analysed before
feeding at 09:00h and 6h after feeding at 15:00h, the results
are given in Table 5.5.
Table 5.5 Total rumen VFA concentration and molar
proportion of acetate, propionate, and butyrate of
sheep fed oaten hay as a basal diet supplemented
with either faba beans or barley fortified with urea
and sulfur
 
Sampling 09:00h    
     
   Total VFA (mmol/l) 51.5 55.1 54.2 7.28 0.938 
    Acetate (%) 76.8 75.6 76.8 0.32 0.188 
    Propionate (%) 16.0 15.7 14.9 0.25 0.154 
    Butyrate (%) 7.2 8.7 8.3 0.35 0.173 
Sampling 15:00h      
   Total VFA (mmol/l) 56.2a 68.3b 87.8c 1.49 0.009 
   Acetate (%) 76.0 74.2 75.3 0.23 0.064 
   Propionate (%) 16.5 16.1 16.2 0.30 0.289 
   Butyrate (%) 7.5 9.7 8.4 0.28 0.062 
 
Measurement C CB CF s.e.m* Diff. (p<)
*s.e.m standard error of mean.
a,b,c Means sharing different superscript were different.
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
Before feeding, total VFA concentration was similar across
treatment. Similarly, there was no significant difference among
the treatments in molar proportion of individual acids.
However 6 h after feeding, the total concentration of VFA for
CF group was significantly (P<0.05) higher than that for either
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CB or C group. The total VFA concentration was also higher
for CB than that for C group. The molar proportions of
individual acids tended to differ with treatment at 6 hours
after feeding. Molar proportion of acetate for C group tended
(P<0.064) to be higher than that for CB but there was no
difference either between C and CF or between CB and CF
groups. The proportion of butyrate in VFAs for the CB group
tended to be higher (P<0.062) than that of C group, but there
was no difference between CB and CF as well as between C
and CF.
5.3.4 Rumen degradation characteristics of oaten hay
Rumen degradation characteristics of DM, NDF, and ADF
of oaten hay in sheep fed oaten hay as basal diet supplemented
with either Bar/N/S or FB are given in Table 5.6, Table 5.7,
and Table 5.8 respectively.
Calculated degradation constants; a, c, and to for DM (Table
5.6), NDF (Table 5.7), and ADF (Table 5.8) were similar across
treatment while other parameters varied. For DM, the
constants b and a + b were significantly higher (P<0.05) for
animals receiving CF diet compared to those receiving C diet.
However there was no difference (P>0.05) either between CF
and CB or between CB and C groups. The estimated values of
ED,   calculated using a theoretical rate of passage of 5% were
significantly (P<0.01) greater for both supplemented groups
CB and CF than for the C group. For NDF, the constant b was
similar across treatment but the values for a + b was significantly
higher for CF and CB groups compared to C group and
between CF and CB was similar. The constant ED for NDF
followed the same pattern as for the ED for DM, where the
values for CF and CB groups were significantly greater than
those of C group. For ADF, the constant a + b was similar
across treatments, but the value for b was higher (P<0.05) for
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each supplemented group than the C group. The lag time (to),
for ADF of CF group tended (P<0.067) to be shorter than that
of CB and C groups while to between CB and C was not
different.
Table 5.6 Rumen DM disappearance (mg/kg) and rumen
degradation constant of oaten hay in sheep fed on
oaten hay as a basal diet supplemented with Bar/
N/S or FB
nd = not determined
* Standard error of mean
a,b Mean sharing different superscripts differ (P<0.05)
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
 Diet  
s.e.m 
Diff.     
(P <)    C CB CF 
Incubation time      
        6 361 396 387  Nd 
      12 413 479 486  Nd 
      24 506 612 617  Nd 
      48 589 667 681  Nd 
      72 617 698 728  Nd 
Constant      
     a (%) 27.4 25.0 24.3 1.19 0.349 
     b (%) 37.2a 44.8ab 48.3b 0.92 0.025 
     a + b (%) 64.6a 69.8ab 72.7b 0.83 0.039 
     C 0.042 0.064 0.058 0.005 0.160 
     to  (h) 4.40 3.40 3.73 0.23 0.175 
     ED (%) 44.7a 50.7b 51.1b 0.35 0.009 
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Table 5.7 Rumen NDF disappearances (mg/kg DM) and
rumen degradation constant of oaten hay in sheep
fed on oaten hay as a basal diet supplemented with
Bar/N/S or FB
  Diet   Diff. 
   C CB CF s.e.m (P <) 
Incubation time (h)      
        6 54 81 105  Nd 
      12 138 182 146  Nd 
      24 253 371 394  Nd 
      48 388 473 487  Nd 
      72 418 511 521  Nd 
Constant      
     a (%) -6.23 -10.27 -8.57 2.08 0.513 
     b (%) 51.9 62.5 63.0 2.56 0.014 
     a + b (%) 45.6a 52.3b 54.4b 0.51 0.012 
     C 0.041 0.055 0.051 0.004 0.220 
     to  (h) 5.57 4.87 4.60 0.31 0.278 
     ED (%) 18.3a 24.1b 24.4b 0.68 0.037 
 nd = not determined
* Standard error of mean
a,b Mean sharing different superscripts differ (P<0.05)
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
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Table 5.8 Rumen ADF disappearances (mg/kg DM) and
rumen degradation constant of oaten hay in sheep
fed on oaten hay as a basal diet supplemented with
Bar/N/S or FB
nd = not determined
* Standard error of mean
a,b Mean sharing different superscripts differ (P<0.05)
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
  Diet   Diff. 
   C CB CF s.e.m (P <) 
Incubation time 
(h) 
     
        6 23 24 38  nd 
      12 54 79 97  nd 
      24 170 246 275  nd 
      48 294 376 391  nd 
      72 326 426 455  nd 
Constant      
     a (%) -6.53 -10.43 -9.10 1.47 0.354 
     b (%) 45.0a 57.9b 58.4b 0.44 0.003 
     a + b (%) 38.4 47.5 49.3 1.61 0.071 
     C 0.031 0.037 0.038 0.004 0.551 
     to  (h) 6.77 6.43 5.50 0.18 0.067 
     ED (%) 11.8a 15.8b 17.4b 0.43 0.022 
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5.3.5 Daily excretion of purine derivatives and microbial
protein supply
The data for daily excretion of urinary products and
estimated microbial protein supply are presented in Table 5.9.
Table 5.9 Mean of urine output, urinary excretion of purine
derivatives and estimated microbial N supply
 
Measurement 
 
C 
 
CB 
 
CF 
 
s.e.m* 
 
Diff. 
(P <) 
Urinary products      
     Urine output (g/d) 320 684 892 126 0.20 
     Allantoin (mmol/d) 2.22 4.65 5.72 0.65 0.10 
     Uric acid (mmol/d) a 0.61 1.43 1.95 0.27 0.20 
     Total PD (mmol/d) b 2.84 6.08 7.67 0.76 0.07 
Estimated supply of microbial N      
     Purine absorbed (mmol/d) 1.26 6.64 8.80 1.19 0.07 
     N (g per day) c 0.91 4.8 6.3 0.86 0.07 
Estimated efficiency of rumen microbial N synthesis 
     Microbial N/kg DOMR d 3.9 13.8 24.3 3.49 0.2 
     Microbial N/g N intake 0.24 0.33 0.55 0.06 0.4 
 
*Standard error means.
a Sum of uric acid, xanthine  and hypoxanthine.
b Sum of allantoin, uric acid, xanthine and hypoxanthine excretion.
cMicrobial N (g N per day) = 0.727 x X (where x = total absorption of purine).
dDOMR: 0.65 x DOMI (ARC, 1984).
C= Oaten hay without supplement
CB= C + barley fortified with urea and sulphate, Bar/N/S
CF= C + faba beans, FB
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Among the treatments, there were no significant
differences observed for the output of urine and the amount
of allantoin and uric acid excreted per day. However, the daily
excretion of total PD tended (P=0.07) to be higher in
supplemented animals than in the control animals with no
significant difference between the two types of supplements.
Similarly, estimated supply of microbial N based on PD
absorption or N tended (P=0.07) to be higher for supplemented
groups but no significant differences were detected between
the supplemented groups. Estimated efficiencies of rumen
microbial N synthesis expressed on the basis of digestible
organic matter fermented in the rumen (DOMR) or N intake
showed no significant differences between dietary treatments,
variability between animals on the same diet being very high.
5.4. DISCUSSION
The growing wethers used in this study were cannulated
at two sites (rumen and duodenum) however due to technical
reasons, the duodenal site  was not used for sample collection.
Generally, the animals were in good condition throughout the
study. Even though the animals were able to consume the
supplement provided within 6 h from their provision, low and
highly variable of intake of the poorly digestible roughage by
individual animal contributed to high variability in the rumen
condition established. AFRC (l993) predicted that the expected
total DMI of housed, castrated lambs of 40 kg of live weight is
about 1 kg, but in this experiment TDMI was quite low, namely
54%, 82%, and 64% with hay alone, Bar/N/S supplement,
and FB supplement respectively of the AFRC recommendation.
However it is important to note that responses in animal growth
and voluntary intake were not under consideration in this
experiment, which was principally designed to investigate
changes in rumen environment and relationships to changes
in fibre degradation and net microbial production rates.
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The intake of DM, NDF and ADF by sheep did not
significantly differ across the treatments. Provision of
supplements failed to boost the total intake to a significant
amount. The results of this experiment contradict results of
many of the previous studies on sheep (Dixon and Egan, 2000),
on steers/cows (Sunvold et al., 1991), which reported higher
DMI of supplemented animals than control group. The main
factor contributing to this difference was high variability
among the animals and the substitution effect of faba beans
on roughage intake.
However in line with the results of current study, Freeman
et al. (1992) observed that protein sources and levels of protein
supplements had little effect on voluntary intakes in grazing
cattle. Poppi and McLennan (1995) have concluded that forage
intakes in grazing animals may not be stimulated by protein
supplementation when available N content in forage is above
1%. Egan (1977) suggested that, from a study of a wide range
of fibrous feeds, if the yield of protein digested in the small
intestine per unit digestible energy (DE) was greater than 6g
to 7g intestinally digestible protein/MJ DE, forage intake may
not be stimulated by additional protein derived from either
dietary protein or improved efficiency of microbial growth.
The oaten chaff diet used in this study was similar to the oaten
hay diets used in the experiments covered in that report and
fell into a class of roughage when an intake response to protein
would be expected.
TDMI was increased due solely to the intake of
supplement. Since the total intakes of the animals were below
the feed allowance, it was not expected to observe a depression
effect of supplementation on TDMI, but in this study FB
supplemented at the rate of 13.27g/kg wt0.75 did exercise a
depressive or substitution effect. Even though many studies
have indicated that protein supplementation will generally
increase total intake, depression of the intake of straw in sheep
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due to supplementation with legume grain has been reported
by Paduano et al. (1995). These authors found that the
substitution rate, calculated as the decrease in roughage intake
per unit of supplement intake, tended to increase with level of
supplementation. Dixon and Stockdale (l999) reported that a
positive TDMI effect would generally occur when low quality
roughage is supplemented with legume grain, but in some
instances a negative associative effects can occur to the same
extent as with grain supplements.
Even though provision of supplements did not significantly
alter the total DM intake, rumen environment was significantly
affected. These effects were demonstrated by a significant
change in digestibility. DM and OM digestibility tended
(P<0.10) to increase, while digestibilities of fibre fractions, NDF
and ADF, of oaten hay were significantly altered (P<0.05) by
supplementation. The increase in fibre digestibility may be
attributed to the additional N provided through supplements
of Bar/N/S and FB, which better satisfied the requirements
for rumen microbes. Such an increase in fibre digestion is in
agreement with previous findings of Dixon et al. (1993) who
found that added N not only improved the nutritional
environment but also stimulated microbial activity. However
Egan and Doyle (l985) stated that observed stimulatory effects
of urea on intake of low quality roughage were associated
more with the provision of additional protein for digestion in
the intestine rather than changes in the rate or extent of organic
matter fermentation in the rumen.
Data on differences in apparent digestibility are supported
by the data on rumen degradation characteristics. The
degradation coefficients in general show that provision of either
supplement significantly improved potential degradability and
effective degradability of both DM and of the fibre fraction of
oaten hay. Low potential degradability and effective
degradability in sheep when fed the control diet was associated
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with a slow rate of fermentation and low rumen ammonia
concentration. In this experiment, the concentrations of rumen
ammonia of the C group were below the “threshold” suggested
by Satter and Slyter (1974) of 70 mg/l and, on that basis, would
limit microbial growth and rate of fibre degradation. The lag
period tended to be longer (even though not significant
statistically) for animal in the control group compared to the
supplemented groups. The contribution of in lag time became
more apparent in terms of ADF digestibility where it again
tended (P=0.067) to be longer for the control group.
The average rumen pH was not significantly affected by
supplementation. For all diets except for CF remained above
6.0 at sampling times after feeding. This would suggest that
the rumen environment in terms of pH was conducive for an
optimum digestion of cellulose (Mould and Ørskov, 1983). The
average rumen pH of CB and CF groups was 6.8 before
morning feeding and declined as active fermentation of newly
ingested feed occurred. However, the lowest measured pH only
occurred for CF, which experienced rumen pH below 6.0 after
6 h and 9 h post feeding. Rumen pH of about 6.0 is regarded
as a threshold for a cellulolytic activity (Mould and Ærskov,
1983). Dixon and Egan (1987) recommended that total
supplements should not more than 30% of the total intake, to
avoid the negative effect of the supplementation on rumen
conditions for fibre degradation. In this study the total amount
of supplement ingested by the animals was 27% and 34% for
Bar/N/S and FB respectively; for the latter, the proportion of
supplement in the total diet was marginally higher than that
recommendation.
Provision of N supplements significantly altered the
concentration of rumen NH3-N. The highly variable ammonia
concentration on the sampling day was due to differences in
solubility of N in the respective supplements. The only greatly
elevated (short-term change, Fig. 5.2) ruminal ammonia
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concentration with the Bar/N/S indicates that urea hydrolysis
rate exceeded the rate at which microbes were using the
ammonia produced, and the rate of absorption from the rumen.
Urea in the rumen is rapidly degraded to ammonia by urease
released by rumen microbes. At the rumen digesta pH in
animals on CB diet, as observed in this study, a high rate of
ammonia absorption from the rumen at high ammonia
concentration would be expected.
Unlike animals in CB group, rumen NH3-N concentration
of animals receiving supplement FB was more stable across
the sampling time. Though Yu et al. (2000) indicated that crude
protein of FB in the rumen was highly degradable and may
lead to high levels of ammonia post-feeding, in this experiment
the variation in rumen NH3-N was not as great as expected.
However, the degradation characteristics reported by Yu et
al. (2000) were based on in sacco/in vitro methods in which
the grain was ground prior incubated in the rumen, whereas
in this study FB was provided to animal as whole grain.
Significant amounts of whole- or cracked-FB seeds were
observed in the digesta at times when the nylon bags were
removed from the rumen, particularly in the period up to 6
hours after feeding, suggesting physical reasons for slow release
dependent on effectiveness of chewing during ingestion and
rumination.
The availability of fermentable carbohydrates and N
supplied by supplement FB led to 28% and 56% higher
concentration of total VFA than that of supplement Bar/N/S
and control respectively. Similarly, there was 21% increase in
total VFA concentrations in animals supplemented with Bar/
N/S compared to the control. The proportion of propionate
did not change with time after feeding for any of the three
diets but proportion butyrate for animals fed CB tended to
increase (P=0.062) 6 h post-feeding.
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In terms of urinary excretion, there was a tendency
(P=0.07) that the amount of total purine derivatives excreted
per day was higher for the animal receiving supplements than
those in control group. This is related, at least in part, to the N
intake. Regression analysis indicated that the estimated daily
excretion of total PD (Y, mmol/day) was related (R2 = 0.61) to
the nitrogen intake (NI). However, the relationship between
estimated PD and DOMR was not as strong (R2 = 0.25). This
suggests that the increased level of N intake, irrespective of
the supplement used, significantly influenced (P<0.05) the
change in PD excretion.
The estimated efficiency of microbial protein synthesis
(grams microbial nitrogen per kg DOMR) was numerically
higher (24.3 g MN/kg DOMR) in CF group than in CB and C
groups (13.8 and 3.9 g MN/kg DOMR, respectively).
Statistically, however, no differences were detected because
of high variability of animals. The average efficiency of CF
diet in the present study is in the range of 14 to 60 reported by
the A.R.C. (1984), whereas the data for the C and CB groups
fell below that range. The wide variation in estimates of
microbial protein synthesis has been reported in various studies
(ARC, 1984; Yu et al., 2002).
It has been recognised that peptides and amino acids are
essential substrates required for the growth of some rumen
microbes. The specific growth rate of microbes on media
containing urea plus amino acids was twice that when urea
alone was supplied (Maeng and Baldwin, 1976). However,
some in vivo studies have shown that there is no benefit from
feeding dietary true protein, peptides and amino acids over
urea as nitrogenous supplements on net microbial protein
synthesis in the rumen (Redman et al. 1980). Susmel et al.
(1994) also reported no advantage with soybean supplements
on the microbial biomass entering the duodenum; this is similar
to the result reported here for FB compared with Bar/N/S.
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Microbial protein supply is often increased by supplementing
with moderate levels of readily-fermented carbohydrates
(Rooke et al., 1985). The inclusion of starch in ruminant diets
can affect the rumen microbes in a variety of ways including
change in substrate range, pH and microbial competition for
other sources of essential substrates. As a consequence it is not
easy to predict the overall effect of starch-providing grain
supplements. Moderate inclusions of starch in variably benefits
a spectrum of the rumen microbes through increased substrate
and growth rate for liquid-associated bacteria. Starch can
however have negative effects through decreased rumen pH,
decreased fibre degradation, increased energy spilling and a
higher requirement for pre-formed amino acids (Russell et al.,
1992). Replacing maize starch with barley starch increases,
but not always, microbial protein synthesis which emphasizes
the influence of relative solubility or other physico-chemical
properties of the starch bodies.
5.5 CONCLUSION
Between the two N-providing supplements tested, there
was little indication of differences in terms of improving rumen
conditions, intake or digestibility of the basal roughage.
Supplementation did alter, possibly in a beneficial way, the
rumen conditions of the animal compared to the conditions
established on the basal roughage alone. Except for a short
time for diet CF, rumen pH did not drop to the level below 6.0,
the point which is regraded as cellulolysis threshold, while
rumen NH3-N and total VFA increased significantly in animals
receiving supplements compared to those in control group.
Effects of improved rumen conditions were expressed in
the digestion and degradation data. Digestibilities of DM, OM,
fibre (NDF and ADF), and crude protein for animals receiving
supplements were higher than for those in the control group.
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While this was due principally to the high digestibility of the
supplement, there was no indication of reduced whole tract
digestibility of fibre. In the in sacco study, the potential
degradability and effective rumen degradability of fibre
fraction of oaten hay incubated in the rumen of animal
receiving supplements were significantly higher than those
incubated in the control group, indicating substrate or
conditional changes beneficial to cellulolytic organisms.
Even though the supplement FB failed to produce greater
impact in terms of digestibility and rumen environment than
did Bar/N/S, the efficiency of microbial protein synthesis based
on DOMR in animals supplemented with FB was numerically
higher than those supplemented with Bar/N/S and without
supplement, by 43% and 84% respectively. The high variability
between animals affected each of these rumen metabolite and
fibre degradation characteristics and demonstrated that the
numbers of animals, even within a latin square design, need
to be much greater.
However, there was a situation where the rumen pH of
animal receiving supplement FB fell below 6.0 even though
the average of rumen pH for the entire day was over 6.0; thus
a diurnal pattern for lower pH was developed in the animals
in the group CF. Therefore it was decided for a subsequent
experiment to alter the times of provision of FB supplement to
the animals as an attempt to separate possible pH and N effects.
Thus, in the next chapter, FB supplement was further
investigated by studying the effect of providing FB at different
meal size and frequencies on rumen environment, rumen
degradation characteristics of different roughages, nutrient
utilization, rumen microbial N supply to animal, and on the
diversity of rumen microbes due to the differences in the
treatment diets.
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Chapter 6
EFFECTS OF FEEDING FREQUENCY OF
FABA BEANS ON RUMEN CONDITIONS,
DIGESTIBILITY OF DIET, MICROBIAL
PROTEIN FLOW TO INTESTINE AND
DIVERSITY OF RUMEN MICROBES IN
SHEEP
6.1. INTRODUCTION
It has been recognised that for growth and production,
oaten chaff alone cannot meet the nutritional requirements of
the ruminant animal for the main nutrients i.e. energy and
protein. The provision of additional nitrogenous and energy
substrates is necessary to improve digestibility and microbial
growth efficiency and through this to increase the production
level of ruminants fed on this low-nitrogen fibrous diet.
Ammonia is the main nitrogen precursor for rumen
microbial protein synthesis under practical dietary conditions
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and it is essential for the growth of many species of rumen
bacteria. However, many in vivo studies have shown that
microbial protein synthesis in the rumen appears to be
increased with increasing ingestion of degradable protein
(Cecava et al., 1993). The degradable protein effect in the
rumen could be due to provision of peptides and amino acids.
Alternatively, an effect could also be due to slower release and
longer term elevation of ruminal ammonia. A combination of
these conditions may be required for improved diversity and
total microbial growth in the rumen, which in turn will
optimise fibre degradation rates of roughages in the rumen.
The rate of rumen degradation of protein from dietary
feed ingredients is one of the important factors influencing
the supply of nitrogen for the synthesis of microbial protein.
The rate of degradation determines the availability of NH3,
amino acids, peptides and branched chained fatty acids that
influence microbial growth rate in the rumen. The rate and
extent of ruminal degradation of protein not only affects
microbial protein synthesis but also the quantity and quality
of undegraded dietary protein that reaches the duodenum.
The extent to which protein is degraded in the rumen depends
primarily upon microbial access to the protein and the ruminal
retention time of the protein. Other factors influencing protein
degradation include protein solubility and ruminal pH
established under the condition of fermentation of the whole
ingested substrate mix.
Among protein sources, the extent of degradation in the
rumen varies greatly, ranging from less than 50% to as high as
100%. Fish meal, animal and grain by-products, and
dehydrated alfalfa have relatively low protein degradability,
while untreated oil seed meals and grain legume seeds are
generally classified as being relatively highly degradable protein
sources.
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Faba beans (vicia faba) are legume seeds, which are
particularly high in crude protein concentrations (25-42%) (Yu
et al., 2000), making them potentially useful protein
supplements in ruminant diets.  However, their rapid and
extensive degradation (85-90%) (Yu et al., 1999) by ruminal
microbes can result in substantial and undesirable N loss from
the rumen. If an imbalance between rate of feed protein
breakdown and rate of microbial protein synthesis is
unavoidable, utilisation as a protein supplement for ruminants
is not efficient.
To over come this problem, the legume seeds may be
pretreated either chemically, such as by formaldehyde
treatment (Tewatia et. al., 1995), or physically, such as by dry
roasting (Yu et al., 1999, 2000) before being offered to the
animal. The main purpose of these treatments is to reduce the
high degradation rate of protein and starch in the rumen and
make them more available for post-ruminal digestion,
conferring benefits for the host animal.
Another approach that is possible to apply in some
management circumstances is to alter the feeding frequency.
Offering the faba beans in smaller portions more frequently
than once per day can improve the time relationships for
availability of nitrogen released from the faba beans and energy
release from degradation of both readily fermentable
carbohydrates from the supplements and fibre from the basal
diet (roughages). This would in theory bring conditions closer
to the optimum for microbial protein synthesis in the rumen.
In addition, frequent provision of faba beans can reduce the
high amplitude of fluctuations of rumen conditions such as
pH after feeding.  In Chapter 3, the influence of large amounts
of readily fermentable carbohydrate given to the animal in one
rapidly ingested meal produced dramatic changes in rumen
conditions and the significant decrease in rumen pH markedly
affected fibre degradation.
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Furthermore some studies have shown that the species
composition of the rumen microbial community changes under
different feeding regimes, particularly when high-forage diets
are modified to contain significant amounts of concentrate
(grain) materials. In the experiment reported in Chapter 3,
the possible influence of transient change in pH upon fibrolytic
microorganisms was raised. Levels of intake and frequency of
feeding are known to affect microbial species and population
composition and transient conditions may affect the dynamic
population changes that establish the fibrolytic and growth
capabilities developed.
The objective of this study was to test the hypothesis that
offering faba beans as a supplement more than once a day to
sheep receiving a combination of oaten chaff and lucerne chaff
as a basal diet will improve rumen conditions and in turn will
increase the degradation rate of roughage (basal diet), improve
microbial protein flow to intestines, and affect the microbial
diversity in the rumen.
6.2 MATERIALS AND METHODS
6.2.1  Animal
This experiment was approved by the Animal
Experimentation Ethics Sub-Committee, the University of
Melbourne. Four mature merino sheep (all wethers) with
existing rumen cannula (internal diameter 40 mm) were used
for this study. The average body weight, BW ± SD, was 85 ±
5.5 kg.  The sheep were penned and fed individually in the
Animal House, School of Agriculture and Food system, I.L.F.R.,
the University of Melbourne, Parkville, Victoria, throughout
the study. The animals were cared for according to the
guidelines on animal care established as standard operating
procedure by NH&MRC/CSIRO.
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6.2.2. Experimental design
The experiment was conducted according to a Latin square
design (4 x 4, Steel and Torrie, 1981) consisting of four
treatments and four periods. In each period, each animal
received one of  four treatments:
T0 = basal diet ad libitum + nil supplement.
T1 = basal diet ad libitum + faba beans (FB) fed once daily.
T2 = basal diet ad libitum + FB fed twice daily.
T3 = basal diet ad libitum + FB fed 8 times daily.
In each period the animal receiving T0 received only the
basal diet. For T1, 450 g  (air dry basis) FB was given in the
morning (09:00) at the same time as the basal diet was offered.
For T2, 225 g FB was given at 09:00 and the other 225 g at
15:00. For the animal receiving T3, an equal amount of 58.2 g
of FB was delivered to the animal every 3 h starting at 09:00
using an automatic feeder.
Each experimental period lasted 20 days, 10 days as an
adaptation to the treatment diets (preliminary) and the last 10
days as sampling times. During the first three days of the
sampling period, an in sacco experiment was conducted; the
next two days for collecting rumen fluid samples, blood
samples, and samples for rumen microbial metagenomic study;
and the last five days were allocated for digestibility and N
balance studies.
6.2.3 Experimental diet and feeding
A combination (85%:15%) of oaten chaff and lucerne chaff
was given to the animal as the basal diet throughout the study.
This diet was calculated to contain 12 g N/kg DM and was
designed to simulate feed under grazing conditions during the
summer-autumn period. FB were used as a supplement at the
rate of approximately 0.5% of live body weight. The basal diet
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was given once per day at 09:00 in the morning (20% in excess
of the previous day’s intake) while FB were delivered according
to the treatment arrangement with roughage and supplements
fed in separate feeders. Feed refusals were collected at
09.00daily, weighed and samples bulked for subsequent
analysis. No supplementary vitamins and minerals were given
and animals had a free access to water. The dietary ingredients
used in this experiment were purchased from a commercial
company (Essendon Produce, Essendon, Victoria).
6.2.4 In sacco experiment
Rumen degradation characteristics of the basal diet
ingredients (OC and LC) in the rumen of sheep were
determined using the in sacco method described by Ørskov et
al. (l980). The maximum number of bags inside the rumen of
each sheep was 20 (2 roughages x duplicate x 5 incubation
time).
A slight modification was introduced in conducting
incubation in the rumen to obviate some difficulties faced when
removing the bags from the rumen, especially those removed
after incubation for the relatively short periods (6 and 12 h).
PVC plastic tubes (approx. 35 cm long) instead of nylon cord
were used to prevent tangling during the incubation of the
bags in the rumen. A total of 5 PVC tubes for each animal,
with 4 bags attached to each tube, were simultaneously
incubated in the rumen of each sheep just before the morning
feeding. Bags held by individual tubes were then removed from
the rumen at 6, 12, 24, 48, and 72 h after commencement of
incubation. Immediately after withdrawal, the removed bags
containing the residues were rinsed under cold running tap
water to remove excess ruminal contents and microorganisms
on the surface of the bags and then kept in the freezer for later
analysis.
155
Bag characteristics, sample preparation, washing
procedure after completing all the incubation times, and zero
time loss determination were as explained in Chapter 3.
6.2.5 Rumen fermentation parameters
After completing the incubation period, rumen fluid
samples was taken from each animal on two consecutive days.
Rumen fluid samples were withdrawn at 0h (before morning
feeding) and at 3, 6, 9, and 24 h after morning feeding. The
method of withdrawing the samples was as explained in
Chapter 4.2. The pH of rumen fluid samples was determined
immediately on site.
6.2.6 Digestibility study
The last five days of each sampling period were allocated
for digestibility and N balance measurements. During this time
interval total collection of faeces and urine was conducted and
the amount of roughage offered to the animal, the amount of
feed refusal, faecal and urinary output were recorded on a
daily basis. The sample of diets and the refusals were pooled
over a 5-day period. Accumulated sample diets and refusal
were subsequently sampled and the sub samples were kept
frozen for laboratory analysis.
For each sheep, daily outputs of faeces and urine were
recorded and sub samples (10%) were taken and kept frozen
for laboratory analysis. Urine was collected in a container
containing 100 ml of 10% of sulphuric acid (urine pH was
adjusted to be < 3), sub sampled (10%) and diluted 5 times
with distilled water, then kept frozen for further analysis. To
determine DM of daily feed refusals and faecal output, sub
samples were taken and oven dried at 55oC for 48 h.
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6.2.7 Chemical analysis and calculation
The feed samples (oaten chaff, lucerne chaff, faba beans)
and the feed refusal samples were analysed for DM, ash, N,
NDF, and ADF after grinding through a 1- mm screen. Faeces
samples were dried at 55o C for 48 h in a force-air oven and
then ground to pass a 1-mm screen and analyzed for DM,
ash, N, NDF, and ADF.
Rumen fluid samples were analysed for total concentration
of VFAs and NH3-N. Urine samples were analyzed for NH3-N
and purine derivatives (allantoin, xanthine, hypoxanthine, and
uric acid). Details of procedures for VFAs and NH3-N,
determination have been described in Chapter 3.
The urinary excretion of creatinine and PD (allantoin, uric
acid, hypoxanthine, xanthine) was measured on each urine
sample collected daily for 5 days. The detailed procedure is
described in Chapter 5.
Calculation for rumen degradation characteristics,
coefficient of digestibility and an estimate of nitrogen supply
based on purine derivatives has been explained in Chapter
4.2 and 5, respectively.
6.2.8 Statistical Analysis
All data were subjected to analysis of variance for a Latin
square design (4 x 4) using the General Linear Model (GLM)
procedure of MINITAB for Windows rel.13.1 (Minitab Inc.,
2000). The difference among the treatment means was
determined by Tukey test (Steel and Torrie, 1981).
6.3. RESULTS
6.3.1. Chemical Composition of the diet
The composition of dietary ingredients is shown in Table
6.1. There was no statistical analysis performed for chemical
composition of the diets. Lucerne chaff contained CP of
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20.2 %, 41.9% NDF, and 33.2% ADF. Oaten chaff contained
much lower CP (4.95%) and higher fibre, NDF and ADF,
contents of 71% and 41%, respectively. Faba beans contained
much higher CP (26%) and lower fibre (NDF and ADF; 26%
and 15%, respectively) compared to lucerne chaff and oaten
chaff.
Table 6.1 Chemical composition of the experimental diets
6.3.2 Intake, Digestibility and N balance
Generally, intakes of roughage dry matter (RDMI), total
DM (TDMI), organic matter (OMI), neutral detergent fibre
(NDFI), acid detergent fibre (ADFI), and estimated ME (MEI)
were similar (P>0.05) across all treatments. However, estimated
MEI was higher (P=0.054) for animals receiving supplements
than that of the control group (11.97 vs. 8.90 MJ per day).
Digestibilities of DM, OM, NDF, and ADF (Table 6.2) were
significantly affected by the treatments. In general, digestibilities
of nutrients for animals receiving supplements were
significantly (P<0.05) higher than those for animal receiving
only roughage; being 66.7% vs. 55.4%, 68.3% vs. 56.9%, 63.3%
vs. 53.2%, and 61.3% vs. 52.8% for DM, OM, NDF and ADF,
respectively. However, digestible organic matter intake (DOMI,
Measurement Oaten chaff Lucerne chaff Faba beans 
DM (g/kg) 871.2 875.9 891.1 
Composition (g/kg DM)    
    Ash  68.8 103.3 28.8 
   OM  931.2 896.7 971.2 
   CP  49.5 201.9 265.1 
   NDF  714.8 419.2 260.6 
   ADF  413.7 332.3 146.6 
  *ME (MJ/kg DM) 6.8 8.5 12.8 
 
*Values from AFRC (l993)
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g/day) was similar (P>0.05) between T0, T1, and T2 and
between T1, T2, and T3, but it was significantly (P<0.05) higher
for T3 than T0. A similar pattern was followed in the values
estimated for digestible organic matter fermented in the rumen
(DOMR) because it was calculated from DOMI.
Similarly, N balance (Table 6.2) was significantly affected
by the treatments. NI of animals receiving faba beans
supplement (T1, T2, and T3) were significantly higher (P<0.01)
compared to those in control diet (T0), averaging 27.90 g per
day and 14.40 g per day, respectively, but there were no
differences observed between T1, T2 and T3. N excreted in the
faeces of animals was similar (P>0.05) among all the
treatments, averaging 8.4 g per day. Even though the amount
of N excreted in the urine was similar (P>0.05) for all
treatments, the animals receiving supplements tended (P<0.10)
to excrete more N than those receiving no supplements (13.7
vs. 6.7 g per day). Significantly higher NI of animals receiving
supplements compared to those of control group, while the
amount of N excreted in the faeces and in the urine was the
same for all treatments, led to a significantly higher of N
retention for supplemented groups than those of the control
group.
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Measurement 
 
T0 
 
T1 
 
T2 
 
T3 
 
s.e.m* 
Diff. 
(P<) 
Intake (g DM per day)        
     Roughage dry matter 
(RDMI) 
1259 891 948 1072 110 0.192 
     Total DM (TDMI) 1259 1292 1350 1473 110 0.570 
     Organic Matter (OMI) 1165 1211 1271 1380 101 0.514 
     Neutral detergent fibre 
(NDFI) 
851 726 766 842 71 0.570 
     Acid detergent fibre (ADFI) 529 425 464 507 45 0.437 
     Estimated MEI (MJ/day) 8.9 a 11.4b 11.8b 12.7b 0.8 0.054 
Apparent digestibility (%)       
     DMD 55.4a 65.3b 67.8b 66.9b 1.9 0.014 
     OMD 56.9a 67.1b 69.4b 68.5b 2.1 0.016 
     NDFD 53.2a 61.5ab 63.0b 65.5b 2.0 0.021 
     ADFD 52.8a 60.7b 62.3b 61.0b 1.4 0.009 
DOMI 654.1a 811.3ab 888.7ab 939.4b 57.2 0.050 
DOMR 425.2a 527.3ab 577.6ab 610.6 b 37.2 0.050 
Nitrogen balance (g N/day)       
     Intake (NI) 14.4a  26.8b  27.6b  29.2b  1.3 0.001 
     Faecal N 8.4 7.7 8.5 9.2 1.0 0.768 
     Urine N 6.7 14.0 12.9 14.2 1.7 0.055 
     N retention -0.7a 5.1b  6.2b  5.7b  0.95 0.007 
 
Table 6.2 Intake, apparent digestibility and nitrogen balance
*Standard error of means        #ME data from ARFC (1993)
a,b Row means with different superscripts differ (P<0.05)
DOMI: Digestible organic matter intake (g/day)
DOMR: Digestible organic matter fermented in rumen, calculated as 0.65*DOMI
(ARC,1984).
T0 = basal diet ad libitum + nil supplement, T1 = basal diet ad libitum + faba
beans (FB) fed once daily,
T2 = basal diet ad libitum + FB fed twice daily, T3 = basal diet ad libitum + FB fed
8 times daily
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6.3.3 Rumen degradation characteristics
The data representing the rumen degradation
characteristics of test roughages making up the basal diet, oaten
chaff and lucerne chaff (Table.6.3) were similar (P>0.05) across
all treatments. Potential degradability of DM (a+b) of oaten
chaff and lucerne chaff in the rumen was not affected by
differences in rumen conditions created by the various
supplement frequency treatments, averaging 72.03% and
69.38% for oaten chaff and lucerne chaff, respectively.
Similarly, the degradation rate (c) of the potentially degradable
fraction was not affected by the treatments, the mean values
being 6.63% and 5.96% per hour for oaten and lucerne chaff,
respectively.
*Standard error of means,T0 = basal diet ad libitum + nil supplement, T1 = basal
diet ad libitum + faba beans (FB) fed once daily, T2 = basal diet ad libitum + FB
fed twice daily, T3 = basal diet ad libitum + FB fed 8 times daily.
Table 6.3 Rumen degradation characteristics of DM of
lucerne chaff and oaten chaff according to the
treatment
Degradation 
parameters 
 
T0 
 
T1 
 
T2 
 
T3 
 
s.e.m* 
Diff. 
(P<) 
Lucerne chaff       
    A 0.3291 0.3592 0.2730 0.3351 0.026 0.217 
    B 0.3926 0.3502 0.4505 0.3919 0.027 0.179 
    a + b 0.7217 0.7094 
 
0.7234 0.7269 0.007 0.446 
    C 0.0662 0.0587 0.0734 0.0669 0.007 0.605 
Oaten chaff       
    A 0.3224 0.2592 0.2869 0.3143 0.024 0.329 
    B 0.3732 0.4283 0.4010 0.3899 0.024 0.488 
    a + b 0.6956 0.6876 0.6879 0.7042 0.006 0.253 
    C 0.0655 0.0553 0.0581 0.0595 0.004 0.483 
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6.3.4 Rumen pH
Rumen digesta pH (Table 6.4) was similar (P>0.05) across
all treatments and within each sampling time, averaging 6.40,
6.05, 6.15, and 6.10 for T0, T1, T2 and T3, respectively.
Table 6.4 The average of rumen pH at various sampling times
in sheep fed oaten chaff with or without
supplements
 
Measurement 
 
T0 
 
T1 
 
T2 
 
T3 
 
s.e.m* 
Diff. 
(P<) 
Rumen pH       
        0 6.55 6.26 6.34 6.20 0.10 0.16 
        3 6.19 5.87 6.01 5.97 0.12 0.40 
        6 6.17 5.82 5.91 6.05 0.15 0.43 
        9 6.14 5.77 5.86 5.98 0.12 0.21 
      12 6.47 6.13 6.35 6.15 0.12 0.22 
      24 6.64 6.44 6.40 6.25 0.11 0.34 
6.3.5 Rumen NH3-N and rumen VFA
Unlike rumen pH, rumen NH3-N levels (Table 6.5) were
significantly altered (P<0.05) by provision of supplements.
T0 = basal diet ad libitum + nil supplement.
T1 = basal diet ad libitum + faba beans (FB) fed once daily.
T2 = basal diet ad libitum + FB fed twice daily.
T3 = basal diet ad libitum + FB fed 8 times daily
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Table 6.5 The average of rumen NH3-N (mg/l), rumen VFAs
(mmol/l) at various sampling times in sheep fed
oaten chaff with or without supplements
Before feeding, the levels of rumen NH3-N were similar
(P>0.05) across treatments, averaging 196.4 mg N per litre. Three
hours after feeding, the levels of rumen NH3-N tended (P<0.10)
to be different, averaging 202.5 mg/l for control and 351.7 mg/
l for supplemented group. The differences became significant
(P<0.05) at 6 h and 9 h after feeding. At 6 h after feeding, the
average rumen NH3-N of the supplemented group was
significantly higher than that of control (342 vs. 185.5 mg/l).
Similarly, the value was significantly higher for the former than
the latter 9 h after feeding (308.7 vs. 163.6 mg/l). Overall, the
level of rumen NH3-N of animals receiving supplement was
significantly greater (P<0.05) than those of the control group,
averaging 306.0 and 168.5 mg N/l, respectively.
* Standard error of means
a,b Row means sharing different superscript differ (P<0.05)
T0 = basal diet ad libitum + nil supplement.
T1 = basal diet ad libitum + faba beans (FB) fed once daily.
T2 = basal diet ad libitum + FB fed twice daily.
T3 = basal diet ad libitum + FB fed 8 times daily
 
Measurement 
 
T0 
 
T1 
 
T2 
 
T3 
 
s.e.m* 
Diff. 
(P<) 
Rumen NH3-N       
        0 122.3 186.7 257.2 219.5 32.3 0.11 
        3 202.5 342.2 346.3 366.5 40.9 0.09 
        6 185.5a 379.1b 305.0b 343.1b 25.8 0.01 
        9 163.6a 318.3b 287.6b 320.3b 39.2 0.02 
Rumen VFA       
        0 64.06 65.04 69.87 78.08 7.26 0.55 
        3 67.90 84.45 74.05 93.73 11.41 0.45 
        6 69.75 94.42 89.66 91.57 5.48 0.06 
        9 61.52 100.10 76.93 83.67 8.25 0.08 
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A similar pattern was observed for rumen VFA
concentration. Before feeding (0 h) and 3 hours after feeding
concentrations of total VFA were similar (P>0.05) across the
treatments, averaging 69.30 mmol/l and 80.03 mmol/l,
respectively. But 6 and 9 hours after feeding, the concentration
of VFA for the supplemented group tended (P<0.10) to be
higher than that of the control group. Overall, rumen VFA
concentrations for the animals receiving supplement FB were
higher (P<0.05) than those of control group, averaging 83.50
mmol/l and 65.81 mmol/l, respectively, but were highly
variable between animals/period at any given time of the day
after feeding.
6.3.6 Urinary excretion of purine derivatives and microbial
nitrogen supply
Data for urinary purine derivative excretion and estimated
microbial nitrogen supply are given in Table 6.6
In general, supplementation did not significantly affect
urinary products of the animals. The average urine excretion
of the animal was 840 g/day (Table 6.7). There were no
significant differences (P>0.05) in the urinary excretion of uric
acid among all treatments, averaging 1.89 mmol per day.
However, the urinary excretion of allantoin tended (P<0.10)
to increase due to supplementation, averaging 4.64 mmol per
day and 9.67 mmol per day for control group and
supplemented group, respectively. Total PD excreted in the
urine did not differ (P>0.05) among all treatments, averaging
10.08 mmol per day.
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Table 6.6 Urinary excretion of purine derivatives (PD)
(mmol/day) and microbial N supply to sheep fed
oaten:lucerne chaff with or without FB
supplementation
 
Measurement 
 
T0 
 
T1 
 
T2 
 
T3 
 
s.e.m* 
Diff. 
(P<) 
Urinary products            
     Urinary output (g/day) 868.3 702.8 852.3 937.2 116.9 0.60 
     Allantoin (mmol/day) 4.64 7.34 8.71 12.08 1.67 0.09 
     Uric acid (mmol/day)a 1.49 1.90 1.88 2.29 0.36 0.52 
     Total PD (mmol/day) b 6.13 9.24 10.60 14.38 2.02 0.13 
Estimated supply of 
microbial N 
      
     PD (mmol/day) 5.66 10.61 12.31 16.98 2.66 0.11 
     N (g/day)c 4.11 7.72 8.95 12.35 1.93 0.11 
Estimated efficiency of rumen microbial N synthesis 
     Microbial N g/g N 
intake 
0.29 0.29 0.32 0.42 0.08 0.63 
     Microbial N g/kg 
DOMR 
8.77 14.88 15.42 20.3 3.58 0.26 
 
*Standard error means.
a Sum of uric acid, xanthine  and hypoxanthine.
b Sum of allantoin, uric acid, xanthine and hypoxanthine excretion.
cMicrobial N (g/day) = 0.727 * X (where X = total absorption of purine, mmol per
day).
dDOMR: 0.65 * DOMI (ARC, 1984).
T0 = basal diet ad libitum + nil supplement.
T1 = basal diet ad libitum + faba beans (FB) fed once daily.
T2 = basal diet ad libitum + FB fed twice daily.
T3 = basal diet ad libitum + FB fed 8 times daily
Across the treatments, there were no differences (P>0.05)
observed in  estimated daily microbial N supplied to the
duodenum. The estimated total PD was similar (P>0.05) among
the treatments, averaging 11.40 mmol per day. Similarly
microbial N supply, calculated based on PD absorption, was
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similar (P>0.05) among all treatments, averaging 8.28 g N (or
51.76 g CP) per day. The ratio of microbial N supply rumen
fermented digestible OM (DOMR) was not significantly
different across treatments, the values ranging from 8.77 to
20.30 g N/kg DOMR with a mean of 14.84 g of N/kg DOMR
across the treatments. Estimated efficiency of rumen microbial
synthesis based on nitrogen intake was similar among all
treatments, averaging 0.33 g N per g N intake.
6.4 DISCUSSION
6.4.1 Effect of dietary treatments on intake and digestibility
The intake of DM, NDF and ADF by sheep did not
significantly differ across the treatments, despite the fact that
the animals consumed all the supplements provided. This
occurred because faba bean supplementation at the rate of
14.32g/kg wt0.75 had a depressive effect on hay intake: 92%,
77%, and 47% for treatment T1, T2 and T3, respectively.
Therefore, the intention to improve intake through
supplementation without interfering with the roughage intake
was not achieved in this experiment.
This effect was also observed in the previous experiment
(see Chapter5). However, even though roughage intake
depression effects were demonstrated, the average of estimated
MEI was significantly higher for animals during
supplementation than on the control diet. Therefore, any
negative effect observed in roughage intake was out weighted
by the higher total ME intake. Assuming maintenance
requirements of 26 g DOMI/kg0.75 per day for sheep (ARC,
1980) the diets T0, T1, T2, and T3 could cover 90, 108, 122,
and 130% of maintenance requirements. It was also interesting
to note that the substitution effects of faba bean supplements
significantly decreased as the frequency of provision of
supplement during each day increased, so that the DOMI
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numerically increased as the time of provision changed from
once a day (T1) to 8 times a day (T3).
Studies on sheep (Dixon and Egan, 2000) have indicated
that protein supplementation generally increases total intake,
but depression of the intake of straw in sheep due to
supplementation with legume grain has been reported by
Paduano et al. (1995). Those authors found that the
substitution rate, calculated as the decrease in roughage intake
per unit of supplement intake, tended to increase with level of
supplementation. Similarly, Dixon et al (l993) reported
substitution rate up to 79% on sheep when legume grain
(lupin) was used as supplement for sheep consuming oaten
hay as basal diet at the rate of 30% of total ration. The
possibility of substitution effects due to legume grain
supplementation has been pointed out by Dixon and Stockdale
(l999). They stated that a positive effect on TDMI would
generally occur when low quality roughage was supplemented
with legume grain, but in some instances a negative associative
effect can occur to the same extent as with grain supplements.
In general, most responses to protein supplements have
been observed when forage crude protein levels were reported
below 7% crude protein. Egan (l977) suggested that the limit
of basal roughage N content above which an intake response
to N supplements would be less likely was about 1.6 gN/100 g
DOM. Poppi and McLennan (1995) have concluded that forage
intakes in grazing animals may not be stimulated by protein
supplementation when available N content in forage is above
1%. In this particular experiment, the chemical analysis
indicated that the percentage of N content of the basal diet
(combination between oaten and lucerne chaff) was 1.2%.
Even though provision of supplement did not significantly
increase the total DM intake of animals, provision of
supplements improved the digestibility of the diets. Digestibility
of DM and fibre components of the diets for the supplemented
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groups was higher than that of control animals. However,
within supplemented groups, altering the times of provision
of faba beans supplement had no benefits in terms of
digestibility. It is interesting to note that the results of in vivo
digestibility study were not confirmed by those of the in sacco
study. On one hand, supplementation increased total
digestibility of the diets, but on the other hand supplementation
did not alter the rumen degradation characteristics of the
individual roughage (OC or LC) used as a basal diet. This
phenomenon may be related to a possible contribution of
further digestion in the lower gut as a result of fermentation.
Fermentation in the hindgut is less extensive than that in
the reticulo-rumen due to a much shorter retention time than
in the rumen and there are lower viable bacterial counts of the
caecal contents than in ruminal digesta. Nonetheless,
experiments with sheep have shown that from 17 to 60% of
dietary cellulose and hemicellulose may enter the hindgut and
19-65% of this  disappears there (Ulyatt and MacRae, 1974).
Moreover, Ulyatt et al. (l975) reported that from 5 to 30% of
digestible cellulose consumed disappears in the hindgut.
Therefore, even though hindgut fermentation is quantitatively
less important in terms of digestion than either ruminal
fermentation or small intestinal digestion, it clearly makes a
significant contribution to digestion and to the supply of energy
to the host (Merchen and Borquin, 1994).
The diets were digested to a different extent when
comparing control and supplemented groups. This was related
to the variable rumen conditions established (average of rumen
pH for T0 was 6.40 compared to 6.10 across the supplemented
groups) even though total DM intake was similar. Animals in
T1 were the only group that experienced a sustained period
when rumen digesta pH was less than 6.0 (up to 9 h after
feeding). This phenomenon is consistent with the result
reported in Chapter 5 in which animals receiving faba beans
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supplement once a day experienced rumen pH less than 6.0
for as long as up to 9 h after feeding. The average rumen digesta
pH for the supplemented group observed in this experiment
was quite low and much less than the range of pH of 6.6-7.0
reported for optimum fibre digestion in vitro  and in vivo, but
it was a marginally higher than so called “fibrolytic threshold”
of pH 6.0 (Mould and Ørskov, 1983). Fibre digestion was not
significantly depressed under conditions of the lower rumen
pH established.
The importance of rumen pH for rumen metabolism is
difficult to assess, and depends on the relative importance of
minimum pH, mean pH or the length of time that pH remains
below a critical value. Certainly, cellulolysis is known to be
sensitive to pH; a value of 6.0 is frequently suggested as the
minimum below which cellulolysis may be inhibited (Mould
and Ørskov, 1983) and most culturable cellulolytic rumen
microbes will cease activity below a pH of 5.5 (Van Es, 1983).
However, in some instance, NDF in fresh pasture is highly
digestible (Van Vuuren et al., 1992) and in vitro studies that
have incubated highly digestible pasture indicate that these
pastures may have a cellulolytic threshold lower than 6 (De
Veth and Klover, 1999). Williams et al. (2001) also reported
that the rumen pH of cows grazing clover was lower that of
cows grazing rye grass for most of the day and that when
cows graze highly digestible pasture in spring, their rumen
fluid pH could remain below 6 for up to 15 hours of the day. If
their diets consist of Persian clover only, the pH can be
constantly below 6, values of 5.8 or thereabouts being recorded
at all times of the day.
Unlike rumen digesta pH, rumen NH3-N was significantly
altered by provision of supplements since animals receiving
supplement consumed significantly more nitrogen than did
the control group. Overall, the total N intake of the
supplemented group (average of 306 mg/l) was 94% higher
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than that of the control group. On the basis of published work,
all diets including the control would have provided enough
rumen NH3-N to support good levels of microbial activity since
the average rumen NH3-N concentration exceeded the
threshold point of 50-80 mg/l indicated as a sufficiency level
(Satter and Slyter, 1974). Use of oaten chaff mixed with a small
amount of lucerne chaff (15% of the total roughage) thus seems
to be sufficient to create a sound rumen environment in terms
of availability of rumen NH3-N to support microbial synthesis.
Rumen VFA concentrations were also significantly altered
by provision of supplement regardless of time of provision.
The availability of fermentable carbohydrates and N supplied
by faba beans led to 31% higher total VFA concentration than
that of control. Higher concentration of VFA for supplemented
groups was probably an indication of higher fermentation rates
that occurred. This is supported by the fact that rumen pH fell
to around 6 when rumen digesta was sampled six hours after
feeding.
6.4.2 Effect of dietary treatments on urinary excretion of
purine derivatives and microbial nitrogen supply
The concentration of purine in ruminant feed is generally
low and most is subject to   extensive degradation in the rumen
due to microbial fermentation. Therefore, the nucleic acids
leaving the rumen are mainly of microbial origin. Absorbed
nucleic acid purines are degraded and excreted in the urine as
their derivatives, allantoin, uric acid, hypoxanthine and
xanthine. The urinary excretion of the purine derivatives is
directly related to the microbial purine absorption (Chen and
Gomez, 1992). With a knowledge of the purine-N: total N ratio
in microbial biomass, microbial N absorption can be estimated
from the amount of purine absorbed which is in turn estimated
from the urinary purine excretion (Chen and Gomes, 1992).
Regression equations that have been developed for sheep also
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account for endogenous purine derivative excretion in the
urine h(Chen et al., 1990c).
Allantoin is the main product of purine catabolism and
the principal purine derivative in urine of ruminants (Tops
and Elliott, 1965; McAllan and Smith, 1973). In the current
experiment, the major amount of allantoin and small amounts
of uric acid  + xanthine + hypoxanthine excreted in the urine
of the mature sheep are in agreement with the results of Chen
and Gomes (l992). However, supplementation affected the
proportion of the individual purine derivatives. Such that the
proportion of allantoin   increased while other derivatives
decreased or remained unchanged as total PD excretion
increased. The range of PD excreted was between 6.13 mmol/
day (range 4.27 to 10.07 mmol/day for T0) to 14.38 mmol/
day (range 9.39 to 20.88 for T3). The proportion of allantoin
increased from 75.3% (T0) to 84% (T4). Chen et al (l992) also
found that the proportion of allantoin concentration increased
as the total PD excreted increased. This also emphasizes the
importance of including all derivatives of purine, not just
allantoin, in estimating the PD absorbed since allantoin tends
to change significantly as the exogenous purine N contribution
increase (Chen et al., l992).
Statistically, no differences were observed in purine
derivatives excreted in the urine, the estimated supply of
microbial N (g/day) or the estimated efficiency of rumen
microbial N synthesis even though the values of these
parameters were numerically higher for the sheep receiving
supplements than those in the control group. The failure   to
detect any effects of treatments was probably related to high
variability between animals and/or between periods as
indicated by the high standard error of means (s.e.m). However
there was a relationship, at least in part, between excretion of
purine derivatives in the urine with NI, rumen NH3-N and
DOMR. Regression analysis (Fig. 6.1 a, b, c) indicated that the
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daily excretion of total PD (Y, mmol/day) was related
significantly to the NI (R2 = 47%, P= 0.003), it also tended to
relate less strongly to rumen NH3-N (R2 = 21.6%, P= 0.07) and
to DOMR (R2 = 22.7%, P= 0.06).
The figures clearly show that the increased level of N
intake, with concomitant increase in rumen NH 3-N,
significantly influenced the change in estimated PD excretion.
This is in agreement with Balcells et al. (1993) who found that
there was a significant relationship between allantoin
excretions and the rumen NH3-N concentration. Higher NH3-
N concentrations than those required to attain the maximal
microbial population in the rumen were able to promote an
increased duodenal flow of microbial protein. Similarly, early
studies revealed a significant relationship between urinary
allantoin excretion and intake of digestible OM in cattle and
sheep (Chen et al., 1992) and in other ruminant species (Liang
et al., 1994).
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Fig. 6.3  Linear regression of estimated PD excretion (PD, mmol/day) on
a) Nitrogen intake (NI, g/day),
b) Rumen NH3-N (mg/l) and
c) Digestible OM apparently fermented in the rumen (DOMR,
g/day).
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There are many factors involved in determining the
efficiency of microbial protein synthesis in the rumen. Even
though the source of dietary protein markedly influences the
total amount of microbial protein entering the small intestine,
the effects on the efficiency of microbial protein synthesis
appear to be limited. Some of the major factors influencing
microbial growth efficiency include the availability of nitrogen
precursors, the nature of the dietary carbohydrate, and the
availability of other essential elements such as sulfur (A.R.C.,
1984). Thus microbial protein synthesis in the rumen has been
shown to respond to provision of specific nutrients such as
sulfur, branched chain fatty acids, and trace nutrient elements.
However, under most dietary conditions, the nutrient supply
to the microbes is considered largely in terms of ruminal
availability of nitrogen and of carbohydrate that can be
fermented in the rumen to provide both carbon skeletons and
energy in the form of ATP for microbial protein synthesis.
The estimated efficiency of microbial protein synthesis
(g MN/kg DOMR) was numerically higher in the
supplemented groups compared to the control group,
regardless of the time of provision of faba beans, but this was
not significantly different.   The average efficiency for animals
receiving supplements was 16.90 g MN/kg DOMR, ranging
from 14.90 to 20.30 g MN/kg DOMR. These results lie within
the range of 14-49 suggested by ARC (1984). The value for
sheep on the control diet was 8.8 g N/kg DOMR, thus being
below the value proposed by ARC (l984). From published data,
there is a wide range of values for efficiency of microbial protein
synthesis. The yield and efficiency of synthesis of microbial
protein has been recorded as high as 30-45 g MN/kg DOMR
when high quality grass is grahzed (Elizalde et al., 1998). Much
lower efficiencies (<20) have been noted with lower-quality
autumn grass (Carruthers et al., 1997). Smith (l975) reported
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that the efficiency of microbial growth was quite variable, being
in the range of 20 – 50 g of MN/kg DOMR.
These results demonstrate, across all diets, a significant
relationship between provision of rumen degradable true
protein to sheep and the microbial N supply to animals as
estimated by purine derivative excretion in urine. In vitro studies
indicate that peptides and amino acids are known to stimulate
growth rumen bacteria in pure cultures (Cruz Soto et al., 1994).
However, under in vivo conditions the effects of manipulation
can be masked by other factors, especially those relating to
interactions between more than 200 species of rumen microbes
(Dewhurst et al., 2000).
6.5 CONCLUSION
Supplementation of a basal diet of oaten and lucerne chaff
with faba beans did not significantly improve intake of total
DM, OM, NDF, and ADF of animals. However,
supplementation significantly increased NI, OMI, and
estimated MEI.
In vivo digestibilities of DM, OM, fibre (NDF and ADF),
and crude protein of animals receiving supplements were
significantly higher than those of the control group regardless
of the frequency of feeding. This was primarily due to the high
digestibility of the supplement. There was no indication of
reduced whole tract digestibility of the fibre fraction (NDF and
ADF) and there was no significant effect on in sacco DM
degradation characteristics of the components of the basal
roughage (oaten hay or lucerne hay).
Different digestibilities of nutrients due to supplementation
further led to different rumen conditions. Except for T1, in
which rumen pH<6.0 was sustained for a longer time, the
average rumen pH of supplemented groups did not drop below
6.0, the point which is regarded as the cellulolysis threshold.
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However rumen NH3-N and total VFA concentrations
increased significantly in animals receiving supplements
compared to those in the control group.
Even though faba beans supplement failed, statistically,
to produce an impact in terms of the efficiency of microbial
protein synthesis, there was a significant regression with
increasing PD output in urine with increasing NI. Estimated
microbial N flow to duodenum based on PD output in urine
indicated that faba beans increased the estimate of microbial
N flow by 92% above that of control group.
Overall, under the particular conditions of the experiment,
there was no significant benefit of providing whole faba beans
supplement at different times. Differences in nutrient intake,
digestibility, rumen conditions established, N supply to animal
were hardly detected when supplements provided to animals
either once, two, or eight times a day.
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Chapter 7
GENERAL DISCUSSION
7.1 INTRODUCTION
The main purpose of the research program reported in
this book was to investigate methods that can be applied to
improve the efficiency of fibre utilization by ruminants. To
achieve that purpose, two main approaches were employed.
Firstly, an attempt was made to modify the characteristics of
the fibre constituents or structure through physical treatment.
Secondly, improvement of the rumen environment was sought
by feeding supplements and by changing the periodicity of
feeding supplements.
A series of experiments was conducted in sheep and cattle
to evaluate the effects of various dietary manipulations
(provision of supplements, times of feeding supplements, and
feed processing to alter the physical and possibly chemical
characteristics) on the rumen conditions, the rumen
degradation characteristics of dry matter and fibre components
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of different roughages, the rumen microbial N supply to
intestine and the diversity of rumen microbes. The
manipulations included provision of supplements. In all
experiments, the rates of rumen degradation of feed
constituents were assessed using the nylon bag (in sacco)
procedure.
The effects of high grain feeding on rumen digesta
conditions and on the degradation characteristics of roughages
differing in chemical composition were examined in the first
experiment (Chapter 3). Barley straw was found to be the most
resistant to rumen degradation and least affected by acute
changes in rumen conditions associated with high levels of
grain intake for further investigation. Barley straw was treated
with microwave radiation for a specific time and power in an
attempt to physically modify cell wall structures in a manner
analogous to known effects of microwave on wood tissues.
The stem fraction of barley straw was used as the test material
because this contributes the greatest portion of straw, is the
part that is usually left standing in the field after the grain is
harvested, and has been recognized as the part most resistant
to rumen degradation compared to the leaf or leaf sheath
fractions. To expand the scope of the experiment, stem straw
samples were drawn from a standing crop cut at two different
stages of maturity namely during the “soft dough” stage and
at the harvest time. This experiment is reported in Chapter 4.
Because the results observed in the experiment reported
in Chapter 4 indicated little effectiveness of such treatment,
the next experiment was focused on feed supplementation.
Effects of different rumen conditions created by feeding
different supplements and varying the time of provision of the
supplements were evaluated in two experiments with sheep
(Chapter 5&6).
Microbial fermentation of the structural polysaccharides/
fibre in forage cell walls is influenced by several factors. Some
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of these factors are plant related, some are related to different
rumen microorganisms and their enzymatic capabilities, and
some are related to physiological status of the animal.
Combinations of these factors have to be optimised in order to
improve microbial fermentation.
To evaluate those factors, rumen degradation
characteristics of the roughages were determined by in sacco
method, the amount of microbial protein supplied to
duodenum was estimated by prediction equations based on
urinary excretion of purine derivatives.
7.2 RESEARCH FINDING
7.2.1 Effects of altering rumen pH through high grain
feeding on rumen degradation characteristics of
different roughages
Numerous studies have been undertaken to investigate
the effects of high grain feeding on rumen conditions and fibre
digestion. The study reported in this book aimed to identify
quantitatively the effects of abrupt introduction of a high grain
supplement to a roughage-based diet to high grain diet on
rumen conditions and rumen degradation characteristics of
different roughages. The high grain diet significantly reduced
the rumen pH to a critical point, where the degradation rate
of the roughages was significantly reduced. There was a strong
indication that the higher NDF/ADF content of the roughage
the greater was the effect.
One interesting phenomenon observed in this experiment
was that on ceasing the grain feeding and providing a higher
quality roughage, the rumen pH rose but while still below
the suggested threshold point for fibre digestion (pH < 6.0)
(Mould and Orskov, 1983), there was a significantly increased
rate of degradation of roughages, including the low quality
roughage straw. The importance of pH alone as a key factor
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influencing rumen metabolism is difficult to assess, and
depends on the relative importance of the minimum pH
attained, the mean pH through cyclic variation, or the length
of time that pH remains below a critical value. While
cellulolysis is known to be sensitive to pH and a value of 6.0
is frequently suggested as the minimum below which
cellulolysis may be inhibited (Mould & Ørskov, 1983), the
experiment reported in Chapter 3 provide evidence of
sustained cellulolytic potential, especially as pH rises towards
6.0. Most culturable cellulolytic rumen microbes cease activity
below a pH of 5.5 (Van Es, 1983). However, in some
situations, the rumen fluid pH of cows grazing Persian clover
can remain in the region of 5.8 for up to 15 hours of the day
(Williams et al., 2001). This suggests that the threshold pH
level for the spectrum of microbial species in the rumen
population established with this type of diet may be lower
than 6.0.
7.2.2 Effects of microwave radiation on nutritive value of
barley straw
Many attempts have been made to improve nutritive value
of low quality roughages such as straw, ranging from physical
manipulation to biological treatments. These have been
reviewed in Chapter 2. There are numerous reports on the
effectiveness of various physical, biological and chemical
treatments in increasing the nutritive value of straw. Increases
in intake and/or digestibility have been noted using many such
treatments. Microwave radiation has been used effectively in
wood science and the technique is being developed quite
intensively for drying timber. The disruption of woody
structures suggested that straw might also be physically
modified by microwave treatment. In a practical sense,
dedicated microwave facilities or facilities established to serve
the timber industry may provide a new option for large scale
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treatment of straw and other fibrous crop residues if physical
structures that resist microbial attack can be disrupted. The
hypothesis for the experiment reported in Chapter 4 was that
application of microwave radiation to straw would increase
digestibility due to delignification, molecular changes in
cellulose and hemicellulose chains and physical disruption due
to rapid change in internal pressure with vaporation of residual
water present within the plant structures. If such changes occur
this may change the susceptibility to digestion in the rumen in
vivo. Because it was also possible that results provided by
current proximate analytical methods might be altered by
microwave at the chosen level of energy and duration of
exposure, untreated and treated samples were analysed.
It was found that microwave radiation significantly
altered some of the chemical components of barley straw.
Microwave radiation (energy and period) significantly
increased in vitro digestibility and the estimated ME (experiment
4.1), significantly reduced fibre and lignin concentration of
barley straw (experiment 4.1 and 4.2). However, in a further
experiment, exposure of the microwave treated straw to
ruminal degradation (in sacco) did not confirm the results of
the in vitro experiment. When barley straw was incubated in
the rumen using the nylon bag technique, the rumen
degradation characteristics did not show a significant
improvement with microwave treatment. Thus, conflicting
results were observed between the first and the second
experiment. This may be explained on several bases. Firstly,
for the in vitro study, the samples were ground to pass a 1-mm
screen, while for in sacco samples, they were coarser, being
ground to pass a 3-mm screen. This means that the surface
area for the samples exposed to in vitro conditions is much
greater compared to those exposed to in sacco conditions. In
addition, the in vitro test uses enzymes with their conditions
optimised, working on finely ground particles, whereas in sacco
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involved microorganisms attaching to and secreting enzymes
at the surface of less finely divided particles. Secondly, the
conditions and variability of conditions in vitro are more
controlled and less dynamic than those of the in sacco technique.
Table 4.2.5 shows variation due to sheep was a feature
contributing to difficulty in detecting any significant differences
due to MWR treatment. One factor contributing high variability
for in sacco studies was variation due to animal i.e. digesta
pool size, dilution rate and microbial diversity (Ørskov and
Ryle, l990; Weiss (1994) stated that. Another contributing
factor may be the differences in the specific straw sample, as it
is well known that chemical composition and in vitro
digestibility of straw are influenced by variety, botanical
fraction, environment, and management. Moreover, the barley
straw used in Experiment 4.1 was possibly more mature/
weathered than the barley in late maturity (Experiment 4.2).
For instance DM content of untreated barley straw in the
former was 92% compared to 90% for the latter.
7.2.3 Comparison between barley fortified with urea and
sulphate and faba beans as protein supplement in
sheep
Ammonia is the main nitrogen precursor for rumen
microbial protein synthesis under practical dietary conditions
and it is essential for the growth of many species of rumen
bacteria. However other nutrients, such as sulfur, are required
for maximum growth. Sulfur is a factor required to support
effective use of N for protein synthesis by rumen
microorganisms, especially in the synthesis of amino acids
containing sulfur. Sulfur supplementation increases the
amount of cellulolytic bacteria, and increases VFA production
rate in continuous culture as well as in the rumen of sheep
and calves. It may also enhance the microbial anaerobic fungi
population. However, effects of sulfur addition to
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supplementary urea are variable depending upon the ratio
between rumen available N and rumen available sulfur.
In addition to ammonia and sulfur, many in vivo studies
have shown that microbial protein synthesis in the rumen
appears to be increased with increasing ingestion of degradable
protein. The effect of degradable protein on rumen conditions
could be due to provision of peptides and amino acids derived
from the microbial breakdown of rumen degradable protein.
Alternatively, an effect could be due to slower release of N and
longer-term increase of rumen ammonia. In many circumstances
with fibrous roughages, a combination of these nutrient
conditions may be required for improved microbial growth.
Studies reported in this book (Chapter 5 and 6) showed
that two chosen supplements (faba beans and barley fortified
with urea and sulfate) supported better rumen conditions and
significantly improved dry matter and fibre digestion of a basal
diet (oaten chaff). The results suggested that microbial
requirements for NH3 and/or other nutrients may be better
supplied by slowly degradable protein supplements having
closer synchrony of delivery of all essential substrates than
occurs with more rapidly hydrolysed non-protein N sources.
Peak ammonia levels were lower and had less diurnal variation
in animals receiving faba beans.
7.2.4 Effects of altering feeding frequency of faba bean
supplement
Faba beans contain high crude protein concentration that
makes them potentially a useful protein supplements in
ruminant diets.  However, their rapid and extensive
degradation by ruminal microbes can result in substantial and
undesirable N loss from the rumen. If there is an imbalance
between the rates of feed protein breakdown and microbial
protein synthesis, utilisation as a protein supplement for
ruminants will not be efficient.
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High rates of degradation of legume grain in the rumen
can be altered by chemical or physical treatments, and this
area has been subject of numerous studies over many years.
Feeding management, even though not a new method, offers
an alternative to the former treatments. The main purpose is
not to manipulate the degradation rates of faba beans but rather
to improve the time relationships for availability of nitrogen
and energy provided by the faba beans and the energy
provided from degradation of fibre from the basal diet
(roughages). By feeding smaller quantities more frequently, the
aim was to bring conditions closer to those for optimum
microbial protein synthesis in the rumen by reducing the high
amplitude of fluctuation of rumen conditions after feeding.
In the experiment described in Chapter 6, feeding faba
beans resulted in a suppressive effect on roughage intake, this
being consistent with the results observed in the experiment
reported in Chapter 5. However, there was strong indication
(Chapter 6) that the negative effects on the roughage intake
were significantly decreased as the provision times increased
from once to 8 times per day. The total DM intake was quite
similar among the four treatments, so that the animals
receiving the supplement consumed a greater amount of readily
fermentable carbohydrate than did those receiving the
roughage only diet.  The reduction in rumen pH for
supplemented groups compared with the control is not
surprising. All animals receiving faba bean supplements
experienced rumen pH less than 6 at the same time of the day,
but the period of low pH was greater for animals when
receiving the supplement once per day (up to 9 h after feeding)
than for those receiving the faba beans in smaller amounts
twice or 8 times a day.
Even though substitution effects on roughage intake were
observed, metabolizable energy intake was higher for animals
in the supplemented group. Higher energy and N intakes in
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turn supported a much better N retention and rumen
conditions. It is surprising   that depression of rumen pH to
level below 6 for quite long periods did not have a significant
effect on fibre degradation of the diet. This is in contrast with
the results of many studies, in vitro and in vivo, which reported
that fibre degradability was markedly decreased as the rumen
pH fell below 6.0.
7.3. CONCLUSIONS, PRACTICAL IMPLICATIONS AND
SUGGESTIONS FOR FURTHER RESEARCH
7.3.1. Conclusion
Abrupt introduction of a high grain supplement to a
roughage-based diet resulted in dramatic change in rumen pH
and substantially depressed the rate of roughage fibre, notably
when the average rumen pH fell below 5.1. In the transient low
rumen pH condition, the higher NDF/ADF content of the
roughage the greater the effects. Also, when the grain feeding
ceased and a higher quality feed roughage was provided,
although the rumen pH was still far below the cellulolytic
threshold of 6.0 there was a major in improvement in the rates
of digestion of roughages, including   the low quality straw.
Improvement of fibre degradation rate with low quality
roughage, using barley straw as a model, by microwave
radiation was not successful. There was a significant
improvement in some nutritional analyses, including an
increase in in vitro digestibility and estimated metabolizable
energy content and a significant decrease in the content of
lignin as analysed by standard techniques. However the results
from an in sacco study did not support the results obtained
from the in vitro experiment. Considering the minor, if any,
improvement and the cost associated with this technique, the
utilization of microwave radiation technique to improve energy
availability from low quality roughage appears not to be viable.
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Of two N providing supplements, urea and legume grain,
tested in sheep fed oaten chaff as basal diet (Chapter5), there
was a strong indication that both supplements supported a
better rumen condition than that in animals not receiving
supplements and significantly improved dry matter and fibre
digestion of the basal roughage on the diet (oaten chaff).
However, between the two supplements, there was an
indication (statistically not significant due to high variability
between animals) that estimated efficiency of microbial protein
synthesis (gram microbial nitrogen per kg organic matter
apparently digested in the rumen) may be more efficient with
the faba beans supplement than with the whole barley grain
fortified with urea and sulphate or on the roughage only diet.
This hypothesis needs to be tested further, and with larger
numbers of growing animals to evaluate any practical
nutritional advantage. Part of the high variability between
animals may relate to differences in non-steady state
fluctuations that occur with differences in ingestion rate and
rumen dilution rate with time after feeding.
In general, provision of faba bean supplements for the
sheep receiving oaten chaff:lucerne chaff as a basal diet
(Chapter 6) significantly improved metabolizable energy intake,
significantly increased total tract digestibility of dry matter and
fibre of the diet, and supported better rumen conditions. In
addition, microbial N supply to duodenum was numerically
higher in animals receiving supplements than those in control
diet. However, within the supplemented group, altering
provision of faba beans from once per day to either two or
eight times per day did not give any significant benefits in
estimated metabolizable energy intake, in digestibility of dry
matter and fibre, in rumen conditions established, and in
estimated microbial N flow or efficiency of conversion of dietary
N to microbial N supply.
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7.3.2. Implications and suggestions for further research
Application of microwave radiation to increase the
nutritive value of low quality roughage was ineffective in this
particular experiment. By considering the cost associated with
and the response resulting from its application, suggests further
research in this area is not warranted.
The phenomenon that is important to note from the
experiment using acute high grain feeding suggests a need to
re-evaluate the effect of low rumen pH on fibre degrading
rumen populations. While ruminal digestion of fibre is known
to be inhibited by low pH and that at pH’s < 6.0 total inhibition
of growth of cellulolytic bacteria may occur, the increase in
degradation rate of roughage when the pH was still below 6
suggests a need to further explore both genomic and proteomic
aspects of microbial diversity under these grain feeding
conditions as they may apply to high producing pasture-based
and feed-lot dairy systems.
Nitrogen from faba bean provided at a single time of intake
seemed to support more efficient microbial protein synthesis
than did whole barley grain fortified with urea and sulphate
when ingested rapidly. However, provision of whole faba
beans more than once per day (either two or eight times a
day) did not give any further significant benefit. Though
significant effects might be observed where between animal
variability is reduced or with greater number of animals, the
frequency of feeding approach may be more useful when faba-
bean meal rather than whole grain is fed.
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